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Abstract
Polymer composites have been gaining more importance in our daily lives because of the
favorable properties that can be provided by these types of material. A polymer com-
posite consists of improved properties when compared to the individual polymers that
it is compiled of. The reason that composites are better than the individual polymers
is mainly because composites are a combination of all the beneﬁcial properties from the
individual materials that was used to make the polymer composite.
High impact polypropylene (HiPP) is a complex copolymer that was developed to over-
come the restrictions of polypropylene (PP). Although PP have excellent properties at
lower temperatures, it loses these advantages at elevated temperatures. High impact
polypropylene has a much better impact strength and is processable at high tempera-
tures. High impact polypropylene has been studied in depth for its applications and its
superior properties such as an improved impact strength. The tensile properties, after
the incorporation of a nanoﬁller, have however not been investigated to our knowledge.
Nanoﬁllers have reinforcing abilities due to the nano-scale diameters. Particles that have
sizes on a nanometer range are mostly devoid of defects. Nanoﬁllers that are biopolymers
have additional advantages such that can consist of antimicrobial abilities, renewability,
biocompatibility and biodegradability. Composites reinforced with chitin nanowhiskers
(chnw) have shown to have valuable applications in the latest medical, industrial and
environmental developments.
Diﬀerent loadings of chnw were incorporated into a HiPP matrix in order to investigate
the eﬀects that this nanoﬁller will have on the tensile properties of HiPP. There were two
challenges that required attention during the incorporation of chnw into HiPP. The ﬁrst
major challenge was the poor interaction that exist between chnw and HiPP due to the
hydrophobic nature of the HiPP matrix and the hydrophilic nature of chnw. The second
problem was the agglomeration that can occur because of the hydrogen bonding between
the chnw that is caused by the structure of the chnw chains. In order to gain the best
dispersion of chnw within the HiPP matrix it was necessary to use compatibilizers and
diﬀerent methods of incorporation. The two types of compatibilizers that were chosen
to improve the compatibility between the HiPP matrix and chnw were polypropylene-
graft-maleic anhydride (PPgMA) and poly(ethylene-co-vinyl alcohol)(EVOH). Injection
molding is typically used to process HiPP and was chosen as one of the methods for
iii
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incorporating chnw into the HiPP matrix. A second method of incorporation was used
speciﬁcally for the nancomposites containing EVOH known as electrospinning combined
with meltpressing.
Tensile testing, DSC, TGA and FTIR were used to investigate the changes in the me-
chanical and thermal properties of the nanocomposites. SEM and TEM were employed
to investigate the morphology of the electrospun ﬁber mats and to characterize the chnw.
FTIR as well as TGA were used to characterize the chitin nanowhiskers and to iden-
tify the individual components within the nanocomposites after incorporation took place.
The incorporation of chnw along with the compatibilizer did show improvement in some
mechanical properties of the polymer matrix. However, the inﬂuence that each type of
compatiblizer had on this eﬀect varied depending on the content of the chnw and com-
patibilizer with regards to the polymer matrix.
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Chapter 1
Introduction and Objectives
1.1 Introduction
Polymer composites are very important in our daily lives and can be found in household
appliances, medical equipment as well as construction and building materials. Polymer
composites consist of a polymer matrix and a ﬁller material. One of the biggest advantages
of polymer composites is that the beneﬁcial properties of both polymers are combined in
order to have enhancing eﬀects on the composites compared to the pure polymer and ﬁller
material when used separately.
Polymer composites that consist of a thermoplastic such as HiPP and biopolymer nanoﬁllers
such as chitin nanowhiskers (chnw) show great promise because of the possible beneﬁts
of combining the advantageous properties of each individual polymer within one compos-
ite. Research concerning these types of composites have been published by Madeleine
Du Toit [1]. The study done by Du Toit investigates the eﬀects caused by incorporating
polysaccharide nanocrystals into a poly (ethylene-co-vinyl alcohol) matrix. Other studies
published by Nair and Dufresne [2, 3, 4] consist of a series of investigations regarding chnw
reinforced natural rubber nanocomposites and in a separate investigation Sriupayo et al.
[5] also studied chnw as a ﬁller within nanocomposite ﬁlms. Combining a polysaccharide
with a thermoplastic have become the main focus in many studies.
In this study high impact polypropylene (HiPP) was used as polymer matrix. There has
been an annual increase of 10% in the production of HiPP which is a good indication
of the growing popularity of this copolymer within the industry and research ﬁelds [6].
The importance it has acquired can be ascribed to the excellent thermal properties and
high impact strength possessed by HiPP. High impact polypropylene is a copolymer that
consists of a crystalline isotactic polypropylene (iPP) matrix, a rubber component (EPR)
and a range of ethylene-propylene copolymers [7]. This semi-crystalline copolymer has
enhanced mechanical properties compared to the homopolymer, polypropylene, and is
1
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most commonly used to manufacture automotive parts [8, 9, 10]. The thermal properties
of HiPP is excellent and this thermoplastic can easily be melted down and re-used. High
impact polypropylene is easily processable due to its thermal stability but it is not just
subjected to injection molding processes. In studies done by P. Edward [11] another pro-
cess was investigated where it was possible to mold HiPP into ﬁlms. This process created
opportunities for HiPP to be used for other types of applications such as ﬁlm packaging
and biomedical applications [11].
Polysaccharides, speciﬁcally chitin, have recently been studied with increasing interest
by a number of polymer science researchers because of the positive attributes that these
biopolymers possess. Chitin is a renewable, biodegradable and abundant polymer that
can be utilized from the shells of arthropods like crabs, shrimps and beetles [12]. Chitin
also has zero toxicity and is compatible with biological materials such as human tissue.
This polysaccharide also has antibacterial abilities and can absorb and retain moisture
which makes it ideal for wound healing treatment applications [13]. Chitin can undergo
acid hydrolysis in a water suspension and yield highly crystalline nanocrystals that are
commonly known as chitin nanowhiskers (chnw) [14, 15, 16]. These nanocrystals have
nano-scale diameters and lengths which means that chnw are mostly devoid of defects
unlike chitin [12]. These qualities and all the properties mentioned above make chnw a
very good reinforcing agent. The increased crystallinity of chnw enhances the mechanical
properties of this nanoﬁller signiﬁcantly.
The eﬀect that chnw can have on the mechanical properties within a thermoplastic is of
great interest. The beniﬁcial properties of chnw and HiPP can be combined into one com-
posite that exhibits excellent thermal stability and also possesses antimicrobial properties.
This can be very advantageous for application in the packaging industry and biomedical
ﬁeld where antimicrobial properties become necessary.
There are some challenges that arise when working with chnw. The small diameters of
these nanocrystals cause them to agglomerate. Therefore, in solution, one must always en-
sure that they are well dispersed by using methods like ultra-sonication. The hydrophilic
nature of chnw also hinders compatibility with a hydrophobic polymer such as HiPP. This
complication can possibly be overcome by addition of an appropriate compatibilizer. This
allows the chnw and the HiPP matrix to interact better without chemically modifying
chnw in order to improve the compatibility between the ﬁller and its matrix.
Compounds such as poly(ethylene-co-vinyl alcohol) (EVOH) and poly(propylene-graft-
maleic anhydride) (PPgMA) are often used as compatibilizers between hydrophobic and
hydrophilic matrices. Both these compatibilizers were tested for their eﬀectiveness in
enhancing the interaction between chnw and HiPP in this research study project. This
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study furthermore investigated various methods of incorporating chnw along with the
compatibilizer into the HiPP matrix in order to ﬁnd the most adequate way possible that
will ensure good dispersion and maximum interaction.
1.2 Objectives
The objective for this study was to investigate the eﬀect that chnw as reinforcement
have on the mechanical and thermal properties of the HiPP matrix in a HiPP/chnw
nanocomposite. For this purpose two diﬀerent compatibilizers and various methods for
incorporating chnw into HiPP were investigated. Solution casting and injection molding
was the ﬁrst processing method that was investigated and PPgMA and EVOH were used
separately as compatibilizers during the incorporation of chnw into HiPP. Electrospinning
and melt pressing were the second processing method that was investigated where the
electrospun ﬁbers consisting of EVOH and chnw were melt pressed into ﬁlms in between
two HiPP ﬁlms. The results of this study will be valuable to the knowledge of chnw as
ﬁllers in thermoplastic polymers and the eﬀect on the properties of the nanocomposite.
1.3 Methodology
1. Synthesis and characterization of chnw.
2. Incorporation of chnw into HiPP matrix using PPgMA.
3. Incorporation of chnw into HiPP matrix via electrospinning, using EVOH, and then
melt pressing these ﬁber mats between two HiPP ﬁlms.
4. Analysis of thermal, mechanical and morphologies of the nanocomposite.
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Chapter 2
Theoretical Background
2.1 Polypropylene
Polypropylene (PP) is the most promising thermoplastic of all thermoplastics for the syn-
thesis of composites using bioﬁbers and nanoparticles. It has been substantially used in
an array of applications including carpet backing, face yarn and construction fabrics, self-
hinging packages, appliance parts, medical equipment, automobile parts, ﬁlms, bottles
and containers [1].
There are three types of stereo conformations for PP, known as isotactic, atactic and syn-
diotactic. Isotactic PP has CH3 groups on the same side of the polymer chain backbone
while syndiotactic PP have alternating CH3 groups on each side of the backbone. Atactic
PP does not have any particular order of CH3 arrangement on the polymer backbone
and is completely random [2]. Isotactic polypropylene (iPP) is rigid with thermal and
chemical resistance. At low temperatures iPP unfortunately possesses mediocre impact
strength which therefore restricts its usefulness.
Isotactic polypropylene can be mechanically improved by incorporating an elastomer or
ethylene copolymer [3, 4]. Sequential multistage polymerization appears to be the best
method to improve upon the mechanical properties of iPP. This process is used to incor-
porate ethylene-propylene rubber (EPR) into iPP. Homopolymerization propylene takes
place in the ﬁrst stage. In the second stage the copolymerization occurs where the above
mentioned copolymer is incorporated into the PP matrix [5, 6]. The end product of this
process is high impact polypropylene (HiPP).
2.1.1 High impact polypropylene
This copolymer is very complex. High impact polypropylene consists of ﬁnely distributed
poly(ethylene-co-propylene) elastomeric copolymer within a iPP matrix. As mentioned
before, the formation of HiPP occurs within a sequential multistage polymerization pro-
6
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cess. The ﬁrst reactor contains the iPP and this is where the morphology of forming iPP
receives the main focus [7]. In the second reactor the conﬁnement and dispersion of EPR
is important within the iPP matrix. This is very important because it directly aﬀects the
impact properties of HiPP [8].
It had been proposed that as the EPR content is increased, it create stress under the
layer of PP-homopolymer during the process occurring in the second reactor and then
ﬂow through the cracks into the micro and macro pores and onto the surface of the poly-
mer particle [9, 4]. The formation of HiPP is illustrated in Figure 2.1 [10].
Isotactic polypropylene particle Impact polypropylene particle
+copolymer +copolymer
Figure 2.1: Formation of HiPP [11].
High impact polypropylene has improved impact strength at low temperatures and has
improved toughness [2]. The rubber phase is strengthened because of the polyethylene
crystals in the EPR phase and this helps to inhibit the formation of voids in the rubber
phase during stretching of the polymer. High impact polypropylene is very versatile in
applications due to its unique properties.
High impact polypropylene is not limited to injection molding processing only; it can also
undergo an air-quenched bubble process known as calendaring that can form HiPP into
ﬁlms [2].This makes it possible to use HiPP for packaging, biohazard bags, diaper back-
ing ﬁlms, industrial bags, roof sheeting, geomembranes, medical tubing and bags, and car
bumpers [2]. High impact polypropylene is an embellished asset commonly used for parts
in automotives because it can be easily injection molded due to its high thermal stability.
2.2 Chitin
Research increased with regards to the production of nanocomposites containing natural
polymers like chitin and cellulose. These materials are polysaccharides and exist naturally
and abundantly in the world. Polysaccharides are favorable candidates for the synthesis
of nanocomposites because they introduce additional functionalities like biodegradability,
biocompatibility and renewability [12]. In spite of the presence of nitrogen for polysaccha-
rides such as chitin and chitosan, immunogenicity and toxicity is very low [13]. Polysac-
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charides can therefore be accepted into the tissue or cells of a living organism without
inducing a humoral or cell mediated immune response.
The physiochemical properties of chitin are very agreeable. It is a highly crystalline, natu-
ral polymer that has antimicrobial properties and birefringence [14]. Chitin and cellulose
share similar qualities but there are some aspects where these two types of polysaccha-
rides diﬀer. The processing step for nanowhisker production from cellulose is much more
complex than that of chitin. Hydro sulphuric acid is used in the acid hydrolysis step
instead of hydrochloric acid, as is used for chitin, which can create complications during
analysis work. Hydro sulphuric acid is diﬃcult to get rid oﬀ and can cause degradation
or interfere with the interactions within the nanocomposite [14]. Chitin also possesses
natural antimicrobial properties that can not be found in cellulose without additional
modiﬁcation. Chitin is capable of acting as an individual reinforcing phase or as an unin-
terrupted matrix phase for dispersing one or more secondary phase(s). Chitin can behave
as a true matrix by controlling the nucleation and growth of secondary phases that are
polymeric, ceramic or metallic in composition [12].
A French scientist, Henri Braconnet, was the ﬁrst to isolate chitin from mushrooms in
1811. Odier also found that the same substance could be found in the cuticles of insects in
1823. Chitin became the most abundant natural polymer after cellulose on earth. Chitin
can be found in arthropods, particularly in their exoskeletons and, as found by Braconnet,
in the cell wall of fungi [12].
The molecular structure of chitin can be seen in Figure 2.2. The structure contains 2-
acetamido-2-deoxy-β-D-glucose [12, 15]. Chitin is a linear polymer with a β − 1, 4-linked
N-acetylglucosamine. The fundamental units of chitin are bound by glycosidic bonds.
Chitin has low reactivity because of the highly ordered hydrogen bonding occurring be-
tween the chains as can be seen in Figure 2.3. The poor solubility is caused by the rigid
structure due to the hydrogen bonding. Poor swelling behavior and processing character-
istics are also displayed and are also accredited to the hydrogen bonds within the chemical
structure of chitin. Chemical modiﬁcation of chitin have been found to improve the sol-
ubility in general organic solvents as seen in studies done by Kurita et al. [16] and Inoue
et al. [17].
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Figure 2.2: Molecular structure of chitin [14].
Figure 2.3: Chemical structure of chitin (The dotted line indicates hydrogen bonding)
[18].
Three types of polymorphic forms of chitin exist known as α-chitin, β-chitin, γ-chitin.
The crystal structure of each varies due to the varying polarities of the adjacent chains in
successive sheets and the layering or packing of these same sheets [12]. Chitin is highly ba-
sic, unlike most other natural polysaccharides. The natural abundant polymorphic form
is α-chitin with an antiparallel conﬁguration. The α-chitin has a highly ordered crys-
talline structure and strong hydrogen bonding between its chains due to the anti-parallel
arrangements. This makes chitin a very rigid and insoluble compound. The β-chitin has
a parallel conﬁguration while the γ-chitin has a random conﬁguration varying between
anti-parallel and parallel. The arrangement for α-, β- and γ-chitin can be seen in Figure
2.4.
a) b) c)
α -chitin -chitin -chitinβ γ 
Figure 2.4: Arrangements of various types of chitin chains.
Chitin is usually characterized using NMR, FTIR, X-ray diﬀraction and crystallography.
As illustrated in the IR-spectra presented in Figure 2.5 the characteristic amide moiety
causing the C=O stretching region between 1600cm−1 and 1500cm−1 for the two types of
crystal structures (α- and β-chitin) is distinguishable [19].
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Figure 2.5: FTIR spectrum of (a) α-chitin and (b) β-chitin [14].
Chitin can act as a useful chelating agent due to its high nitrogen content (6.89%) [15]. It
has been shown that polysaccharides can be used to help purify and remove toxic metals
and organic compounds from water in studies done by Gregorio Crini [20]. Besides being
a good separation material for water puriﬁcation, chitin has also been found useful in
cosmetics [20].
Production of chitin and some of its derivatives like chitosan are mostly from crab and
shrimp shells that are discarded as waste by canning industries at sites in Oregon, Wash-
ington, Virginia, Japan and also by ﬁshing ﬂeets in the Antarctic. Countries such as India,
Japan, Poland, Norway and Australia began producing chitin and chitosan commercially
because of the useful carotenoids such as astaxanthin that serves as a food additive in
aquaculture e.g. salmon [12, 15].
Other applications for which chitin have been found eﬀective is regulating photosynthesis
of maize and soy beans [12]. It can also act as a component in anti-cancer drugs, and
in other biomedical applications such as dental restoration, drug delivery systems and
also structural constituent in synthetic organs [12]. Chitin also found uses in composite
reinforcement due to its good mechanical properties as mentioned earlier.
2.2.1 Chitin nanowhiskers
Chitin nanowhiskers (chnw) can be extracted from chitin using a variety of techniques such
as acid hydrolysis [21, 22, 23, 24, 25, 26, 27], TEMPO-mediated oxidation [28, 29, 30], ul-
trasonication [31], electrospinning [32], mechanical treatment [33, 34, 35] and gelation [36].
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Chitin nanowhiskers have been used as a reinforcing component in many studies [14, 37,
38]. It has been found to improve the mechanical properties of a soy protein nanocom-
posite and also decreased its water sensitivity [37]. It has already been mentioned in
section 1.1 that chnw have some extremely beneﬁcial properties that can contribute the
tensile properties of a polymer matrix. The highly crystalline structure of chnw allows it
to be very strong and have a high modulus. The tiny diameters of chnw also cause it to
be almost completely free of defects. Chitin nanowhiskers are easy to chemically modify,
light in weight, have a high surface area and aspect ratio. Chitin nanowhiskers are also
abundant and biodegradable [39, 40].
Acid hydrolysis helps to remove the amorphous regions in the chitin by splitting the glu-
cose bonds. This method is the most popular and was also used in this study. After acid
hydrolysis, the suspension is centrifuged, placed in dialysis tubes and dialyzed for 7 to 10
days until it has reached a pH close to 7 (neutral) [21]. The stable colloidal chnw suspen-
sion has amino groups that can be protonated yielding a positively charged suspension.
This protonation helps to stabilize the watery colloidal dispersions of chnw due to the
repulsive forces between the crystallites [41].
The various sources and methods for how chnw can be extracted are presented in Table
2.1. The structural characteristics of chnw diﬀers when extracted from diﬀerent chitin
sources. The lengths and diameters of the chnw tend to vary as well as the aspect ratio
because of the varying chitin sources. These two factors are very important when chnw
are used as a reinforcing agent. A higher aspect ratio and smaller diameters for chnw
results in greater reinforcement properties [41, 42].
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Table 2.1: List of chitin nanowhisker sources [41].
Nr Chitin Sources Extraction Method Structural parameters of nanowhiskers Ref.
Length (nm)
Width
(nm)
Aspect
Ratio
1 Crab shells
Hydrochloric acid hy-
drolysis
50-300 6-8 15 [22]
2 Crab shells
Hydrochloric acid hy-
drolysis
100-600 16 [43]
3 Crab shells
Hydrochloric acid hy-
drolysis
100-650 10±5 [23]
4 Crab shells
Hydrochloric acid hy-
drolysis
200-500 15-20 [44]
5
Chitin powder
from crab shells
Hydrochloric acid hy-
drolysis
255±56 8 [45]
6 Crab shells
TEMPO-mediated
oxidation and sub-
sequent ultrasonic
treatment
340 8 [29]
7
Chitin powder
from crab shells
Partial deacetylation
with NaOH by ﬁb-
ril surface cationiza-
tion and subsequent
disintegration
250±140 6.2±1.1 [30]
8
Chitin powder
from crab shells
Gelation with 1-allyl-
3-methylimidazolium
bromide followed by
regeneration with
methanol
Several hun-
dred
20-60 [36]
9 Shrimp shells
Hydrochloric acid hy-
drolysis
150-800 5-70 [46]
10 Shrimp shells
Hydrochloric acid hy-
drolysis
231-969 12-65 18 [47]
11 Shrimp shells
Hydrochloric acid hy-
drolysis
180-820 8-74 10 [24]
12 Shrimp shells
Hydrochloric acid hy-
drolysis
110-975 8-73 7.5 [29]
13 Squid pen
Hydrochloric acid hy-
drolysis
50-300 10 15 [25]
14 Squid pen
TEMPO-mediated ox-
idation
Few microns 3-4 [29]
15 Riftia Tubes
Hydrochloric acid hy-
drolysis
500-10000 18 120 [48]
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Chitin nanowhiskers present some challenges when it comes to regulating good, uniform
dispersion and compatibility with a hydrophobic polymer matrix. Solutions to this prob-
lem have been investigated and the most popular methods have been found to be chemical
modiﬁcation, or the use of a compatibilizer [40].
Characterization of chnw can be done using AFM, TEM and ATR-FTIR. The charac-
terization of chnw, speciﬁcally for chnw extracted from crab shells, will be discussed in
Chapter 4. It is important to remember that the crystal structure for chnw diﬀer depend-
ing on the source of chitin as seen in the TEM images illustrated in Figure 2.6 [14].
Figure 2.6: TEM images of isolated chitin nanowhiskers from(a) squid pen and (b) crab
shells [49].
2.3 Compatibilizer
2.3.1 Poly (ethylene-co-vinyl alcohol) (EVOH)
Poly (ethylene-co-vinyl alcohol) is an amphoteric polymer which means that it consist of
haphazard combinations of hydrophobic ethylene and hydrophilic vinyl alcohol segments.
This polymer is produced from a hydrolysis reaction of a parent ethylene-co-vinyl acetate
polymer (EVA). As shown in Figure 2.7, the acetoxy groups become transformed to a
secondary alcohol [50].
Figure 2.7: Conversion of EVA to EVOH [14].
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Poly (ethylene-co-vinyl alcohol) has two types of adaptations used for diﬀerent applica-
tions. The ﬁrst type is normally used for adhesives where EVOH consists of an ethylene
content of 82-90 mole %. The other form of EVOH is where it is completely hydrolyzed
from EVA and contains 60-75 mole % vinyl alcohol. This second type of EVOH is com-
monly used in barrier materials, owing its excellent barrier properties to the vinyl alcohol
component [51]. The ethylene content allows the polymer to have good moisture resis-
tance and good mechanical and thermal properties. Other beneﬁts gained from EVOH
are its ability to be easily sterilized, its biocompatibility and the fact that it is biologi-
cally and chemically resistant [52]. Strong intra- and inter-hydrogen bonding that exist
between the alcohol groups can form a barrier for oxygen as well as other gases or organic
solvents.
Poly (ethylene-co-vinyl alcohol) is a water sensitive polymer which is one of the drawbacks
of this polymer especially in packaging application. When the polymer is exposed to high
humidity the water molecules present in the environment can interfere with the hydrogen
bonds of the polymer and weaken the interaction between the alcohol groups [53, 54].
Pairing poly (ethylene-co-vinyl alcohol) and nanoﬁllers has been suggested in a number
of studies. Clay platelets have been used in PVOH to minimize access of water molecules
into the chains of the polymer [55]. Studies have also shown that pairing EVOH with
hydrophobic polymers like polypropylene or polyethylene in the form of multi-layered
structures can counteract this type of weakness [56, 50].
Poly (ethylene-co-vinyl alcohol) is furthermore used as an adhesive as well as in the pack-
aging industry for its barrier properties. This polymer has also found applicability in the
biomedical ﬁeld. In a study done by Young, T.H et al. [57]. Poly (ethylene-co-vinyl alco-
hol) has been used for neuronal cell culturing proving this polymer very biocompatible.
Young et al. also studied the culturing of myoblast cells as well as the formation of a
uniform bone-like apatite layer using EVOH membranes as a scaﬀold or substrate. Poly
(ethylene-co-vinyl alcohol) can also be used for other types of tissue engineering, drug
delivery and wound healing treatments [14, 57].
One of the reasons why EVOH is so eﬀective as a scaﬀold for cultivating ﬁbroblasts and
smooth muscle cells is because it can be easily electrospun into nanoﬁbers [58]. Although
EVOH is not as biodegradable as poly(vinyl alcohol) because of the ethylene component,
it has many other positive attributes as previously mentioned [59]. One of the most
commendable properties of EVOH is the speciﬁc interaction it can have with chemical
species due to its hydroxyl group which allows surface functionalization. The possibility
of modifying EVOH makes this polymer compatible in blends and with ﬁllers or for uses
such as drug delivery [60, 61, 62].
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2.3.2 Poly propylene-graft-maleic anhydride (PPgMA)
Polypropylene-graft-maleic anhydride consists of a polypropylene (PP) chain that con-
tains side groups of maleic anhydride [52, 54, 56, 63]. This allows for good compatibility
between PPgMA and a polypropylene matrix as well as a ﬁller containing OH-groups.
The polypropylene part of PPgMA can interact well with PP and allows compatibility
between hydrophilic ﬁllers and a hydrophobic polymer matrix [64]. Polypropylene that is
modiﬁed with MAH is one of the most important functionalized polyoleﬁns in commercial
applications due to the low cost, high activity and good processability [65].
Polypropylene can be treated with maleic anhydride in the presence of peroxide initiators
in order to form a chemically modiﬁed polymer that possesses improved mechanical and
adhesion properties [66]. The maleic anhydride increases degradation of polypropylene
because of the presence of peroxide [67]. Grafting of MAH onto PP also inﬂuences the
melt ﬂow index (MFI) and molecular weight distribution of PP as found by Berzin et
al.[67].
Compatibility that improves interaction between a ﬁller and the matrix enhances the
strength of composites as found in studies done by Gaucher-Miri et al. [68] and more
[37, 50, 55, 57, 58, 60, 61, 62, 66, 69, 70]. The mechanical properties namely the tensile
strength, impact strength and elongation at break of the composite are all improved when
the interaction between ﬁller and matrix is improved.
Figure 2.8: Molecular structure of polypropylene-graft-maleic anhydride where a) indi-
cates the polypropylene portion and b) maleic anhydride [71].
The polar group, as can be seen in Figure 2.8(b), creates chemical bonds with a substrate
like a polar nanoﬁller. The oleﬁn portion, polypropylene, forms a hair-like structure that
intertwines with the bulk of the composite which would be the polymer matrix. The per-
centage maleic anhydride (MAH) cannot be to high within the PPgMA or else discoloring
and foul odor will be a result. The percentage MAH must be chosen at a optimal amount
in order to have good mobility and interaction with the nanoﬁller. The chain lengths
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 2. THEORETICAL BACKGROUND 16
for the polypropylene section of the PPgMA also needs to be an ideal length in order to
provide good strength and mechanical entanglement [71].
2.4 Nanocomposites
Richard Feynman was the ﬁrst to introduce the idea of nanotechnology in 1959. Nan-
otechnology has been expanded from then on into a wide array of ﬁelds within science and
technology [72]. Long before this, however, composite materials and nanoparticles have
already been in use. In 1907, Bakelite, a ﬁber reinforced thermoset polymer, was one of
the ﬁrst polymer composites synthesized. Automobile tires were also already strength-
ened by a composite composed of carbon black nanoparticles and vulcanized rubber [73].
Nanocomposites consist of at least two individual components. One acts as the scaﬀold or
base and the other acts as the reinforcing part. The polymer base surrounds this reinforc-
ing phase and is known as the matrix. The constituents contributing to the reinforcing
properties are named a ﬁller [14].
A nanocomposite is only regarded as such when the reinforcing phase is a nanoparticle
which means that it needs to be nano-scale and even smaller [38]. Nanocomposites are
almost completely free from defects and imperfections due to their small size, especially
when compared to macro particles. Nanoparticles can display optical clarity in compos-
ites due to the fact that they have shorter wavelengths than that of light and thus do
not scatter or bend light [49, 74]. Better interaction is also ensured because of the high
surface area. This characteristic in turn also contributes to the reinforcing ability of the
nanoparticle within the polymer matrix [72].
Studies by Alexandre et al. [75] and Ludeña et al. [76] done on separate occasions showed
the interaction between silicate-polymer composites. Two types of nanoscale composites
may be produced due to the interaction between the layered silicate and the polymer
chains. The structure of the interaction of the layered silicate and the polymer chains
is illustrated in Figure 2.9. The polymer chain can however ingress into the internal
region of the silicate layer, thus resulting in a third type of form that has a multilayer
structure with alternating polymer inorganic layers called intercalated composites [75, 76].
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Figure 2.9: Various types of interaction between the layered silicate and polymer chain
[75].
The properties of a polymer composite can be improved or deteriorated with the incor-
poration of nanoparticles. It all depends on how good the interaction is between the ﬁller
and the matrix as well as the dispersion of the ﬁller (nanoparticles) within the matrix. The
thermal stability and crystallization of the nanoparticles are also two important factors
that will inﬂuence how the composite will be aﬀected [14].
2.4.1 Nanopolysaccharide composites
Nanopolysaccharides like chitin nanocrystals, also referred to as nanowhiskers due to their
spindle shape and whisker-like form, are superior as reinforcing ﬁllers within a matrix.
Nanowhiskers provide better reinforcement compared to macro-scale particles. Macro-
scale particles contain defects and have a lower aspect ratio than nanowhiskers which is
not favorable for the ﬁller-matrix interactions of the nanocomposite. Nanopolysaccharides
are very abundant, highly biodegradable, renewable and provides beneﬁcial chemical, elec-
trical and optical properties [72].
It is challenging to achieve uniform dispersion of nanowhiskers in a thermoplastics matrix
during incorporation. The nanowhiskers are hydrophilic and tend to agglomerate due to
strong intermolecular hydrogen bonding that results in poor dispersion [14]. Good inter-
action between a matrix and a ﬁller is very important. The amount of stress transferred
from the matrix to the ﬁller will depend on the compatibility of the nano-ﬁller and the
polymer matrix. Enhanced interaction between the ﬁller and the polymer matrix can be
improved, as mentioned earlier, by using an appropriate compatibilizer. This compatibi-
lization is necessary if the polarity of the ﬁller and matrix diﬀer.
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The average length found in a study done by Lu et al. [23] was 500nm for chitin
nanowhiskers (chnw) while the diameter was found to be 50 nm. Lu et al. [23] added chnw
to soy protein isolate (SPI) thermoplastic. Their studies have shown that the mechanical
properties as well as the water resistance of SPI were greatly improved [23].
Sriupayo et al. [77] also studied chnw as a ﬁller and incorporated it into chitosan ﬁlms.
Sriupayo discovered that the amount of chnw introduced into the matrix have an eﬀect on
the properties of the nanocomposite. The study showed that the tensile strength of chi-
tosan improved until 2.96% chnw content was added. The mechanical properties started
to decline when the content of chnw were increased further [77]. Other studies that were
done by Fricain et al. [78] showed the beneﬁcial properties that polysaccharides can have
in a composite for biomedical application such as bone tissue engineering. The study
indicated how propitious polysaccharide nanocrystal composites are for the synthesis of
bionanocomposites because these nanocrystals are so abundant in nature, rigid and strong
with low weight and good biodegradability. Alain Dufresne [38] investigated a new pro-
cessing method for making polysaccharide nanocrystal composite. The method described
by Dufresne included the transformation of polysaccharide nanocrystal compsites into a
co-continuous material through long chain surface chemical modiﬁcation. The nanopar-
ticales are subjected to chemical modiﬁcation with the use of grafting agents bearing a
reactive end group and a long compatibilizing tail [38].
Polysaccharides also have polyfunctionality, high chemical reactivity, chirality, chelation
and adsorption capacities. These properties were further investigated by Crini et al.
[20] and the application of polysaccharide-based materials as adsorbents in wastewater
treatment were studied. The applications for polysaccharides nanocrystal composites have
become vast and keeps growing as new discoveries are made.
2.5 Electrospinning
2.5.1 Introduction
Electrospinning is a technique that provides the formation of ﬁbers with very small di-
mensions. The useful properties that are gained by using this type of technique are
monumental. The technique is very simple and allow for the possibility of large scale
production [79].
Electrospinning is useful in ﬁelds such as biomedicine. The technique can be used in
materials required for ﬁltration, protection, electrical and optical applications. It can also
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be used for sensors and also in nanoﬁber reinforced composites.
Material or composites can be modiﬁed via electrospinning assembly thus combining
diﬀerent properties and morphology depending on the type of application it is needed
for. Electrospinning is also a good way to enhance dispersion of nanoparticles like chnw
within a polymer matrix.
2.5.2 History
In the late 1800`s, the process of electrospinning has already become a useful technique
since it was ﬁrst described by William Gilbert in the late 16th century. After interest
in nanotechnology took hold in the 1900`s, the interest in electrospinning increased even
more. It was only patented by Anton Formhals in 1934 after it became commercially
popular [80].
Between 1964 and 1969, Sir Geoﬀrey Ingram Taylor produced a study of electrospinning
that modeled the shape of the cone formed by the solution droplet by using mathematics.
He also investigated the eﬀect of an electric ﬁeld particularly on this droplet. This droplet
became known as the Taylor cone [81].
2.5.3 Process and setup
A strong electric ﬁeld is applied to a solution within a needle. The needle acts as an
electrode causing deformation in the droplet that forms at the tip of needle. This droplet
then ejects after enough disturbance from the tip of the droplet known as the Taylor cone
as shown in Figure 2.10. It then propels toward the oppositely charged collector base.
The solvent evaporates oﬀ during this process and the ﬁbers are collected on the collector.
The electrospinning process is presented in Figure 2.11 to give a better indication of what
takes place during electrospinning.
Figure 2.10: Photograph of a meniscus of Polyvinyl Alcohol in aqueous solution showing
a ﬁber drawn from a Taylor Cone by the process of electrospinning [82].
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Figure 2.11: Diagram showing the mechanism of electrospinning [83].
Over the years a variety of new and improved types of electrospinning setups have been
invented. From 1979 - 2004, needleless electrospinning setups were invented to allow pro-
duction of nanoﬁbers on a larger industrial scale. Setups, such as ball electrospinning,
have also been invented that can allow ﬁbers to be electrospun from multiple points due
the formation of multiple Taylor cones caused by a rotating roller. Instead of a needle
a small glass ball, known as a ball spinneret, is placed in the solution and rotated while
applying a electrical ﬁeld as shown in Figure 2.12. The ﬁbers are spun upwards which
helps prevent polymer solution from dripping onto the ﬁber mat that is collected on the
collector plate.
Figure 2.12: Ball spinning method showing upward electrospinning ﬁbers [84].
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Multi-needle electrospinning techniques have also been investigated where more than one
needle is used in the electrospinning system and each needle nozzle produces a electro-
spinning jet. A large working environment is required for multi-needle electrospinning
so that the strong interferences between adjacent solution jets can be avoided [84]. The
multi-needle electrospinning system needs a regular cleaning system for each needle nozzle
in order to prevent solution blockage that can occur during the ﬁber production.
The conventional setup (horizontal or vertical) is still used widely in hundreds of labs all
over the world. In this study only the conventional horizontal setup was used and can be
seen in Figure 2.13 [14].
Figure 2.13: Horizontal electrospinning set up [14].
The three main components for a conventional horizontal setup are:
 The high voltage power supply (that can produce an electrical ﬁeld of 5-50kV) [14].
 The spinneret that contains the electrospinning solution and feeds the solution at
controlled ﬂow rate by using a syringe pump.
 A grounded collecting plate with opposite charge to the electrode that is charging
the electrospinning solution.
The grounded collecting plate can be stationary or rotate. A rotating collecting plate
allows the ﬁbers that are electrospun to be more aligned and uniform [85]. Uniaxially ori-
entated nanoﬁbers can be fabricated by electrospinning onto a rotating cylinder collector
[86]. Fibers alignment can improve the mechanical properties of a nanocomposite even
further than randomly orientated ﬁbers [14].
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2.5.4 Parameter eﬀects
Electrospinning has many factors that can inﬂuence the diameter and morphology of
nanoﬁbers. The results caused by these factors can clearly be seen in Figure 2.14. The
electrospun ﬁber mat initially had beading that was caused during the electrospinning
process. The electromagnetic ﬁeld that was created during the electrospinning process
was to high and caused the electrospinning solution to spatter. The Taylor cone could
not form properly before the solution was pulled to the collector base. The lowering of
the voltage at the electrodes proved to cause less beading to occur. The morphology and
ﬁber diameter of the nanoﬁbers can therefore be improved by changing one or more of
the electrospinning parameters [87].
a) b)
Figure 2.14: Fiber beading can be avoided by adjusting one or more of the electrospinning
parameters as seen above when the voltage was adjusted from a)-10_20kV to b)-5_10kV.
The variables and parameters that inﬂuence the type of ﬁber that will form are summa-
rized in Table 2.2. Processing parameters includes the intrinsic properties of the electro-
spinning solution. The polymer type, chain conformation, viscosity, elasticity, polarity and
electrical conductivity are all important contributions to the properties of the nanoﬁbers.
The surface tension of the solvent also inﬂuences the way that the solution will electrospin.
The conditions within the lab also contributes to the end product of the electrospinning
process. The last two factors that can impact the morphology and diameter of the ﬁber
mat are humidity and temperature [87, 88].
Table 2.2: Parameters that eﬀect electrospinning.
Solution Properties Processing Properties
1 Concentration and Viscosity 1 Applied voltage
2 Molecular Weight and Architecture 2 Flow rate
3 Conductivity 3 Tip to collector distance
4 Atmospheric Temperature and Humidity
Minimizing the surface tension of the solvent causes one or more spherical droplets to
form from out the electrospinning solution jet. The electrostatic repulsion between the
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charges on the jet surface tends to increase the surface area. This is favorable for the
formation of a thin jet rather than beads. Good viscoelastic forces within the polymer
solution also prevents rapid changes in the shape of the ﬁber and aﬀord more support for
smooth ﬁber surfaces [87].
2.5.5 Chnw/EVOH electrospun ﬁber nanocomposites
Nanocomposites containing electrospun ﬁbers can be made by using a melt pressing ap-
paratus that can mold the ﬁbers in between two polymer ﬁlms. The temperature should
be kept below the melting point of the ﬁbers but high enough to allow the polymer
ﬁlms to melt. This is an excellent technique to ensure good compatibility and uniform
dispersion between nanoparticles like chnw and a polymer matrix with diﬀerent polarities.
Figure 2.15 shows the nanocomposites containing chnw/EVOH electrospun ﬁbers sand-
wiched between two LDPE (low density polyethylene) ﬁlms. The ﬁbers that can be seen
in between the two LDPE ﬁlms aﬀords proper support to the nanocomposite. It has
been found in previous studies that nanocomposites with lower nanowhisker content show
better and more uniform dispersion [23].
Figure 2.15: Nanocomposite consisting of EVOH-chnw elctrospun ﬁbers sandwiched be-
tween two LDPE ﬁlms.
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2.6 Characterization of isolated nanowhiskers and
nanocomposites
2.6.1 Transmission electron microscopy (TEM)
Electrons are sent through the sample that then allows the viewer to see detailed images
at a very small scale (to the order of a few angstroms). Negative staining with urinal ac-
etate is used in order to increase the contrast between the diﬀerent phases of the sample.
In Figure 2.16 the TEM image for chnw is presented. Some agglomeration of chnw can
be seen. TEM can be used to investigate the dispersion of the chnw. The size and shape
of the nanowhiskers can also be established by using TEM.
Figure 2.16: TEM image of chnw.
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2.6.2 Scanning electron microscopy (SEM)
The information acquired here are more of a topographic type due to the fact that this mi-
croscope uses electrons to scan over the surface of a sample. Homogeneity of the nanocom-
posites as well as presence of voids can be studied using this technique. Nanowhisker
dispersion and orientation can also be conﬁrmed within the nanocomposite using with
the use of a SEM instrument [89, 90, 91, 92, 93, 94].
2.6.3 Tensile testing
Mechanical strength of polysaccharide based nanocomposites can be determined using
this relatively inexpensive and easy technique. The material will react to the force that is
applied onto it and behave in a certain way. The material can either break immediately
or elongate before it fractures. The amount of tension and the rate at which it is applied
can be controlled during the experiment.
Tensile testing can be used to measure the Young's modulus, toughness and strength of the
material. As mentioned earlier, macro particles can cause negative eﬀects in composites
due to the presence of defects and low surface area. Nano-scale particles are much more
eﬀective reinforcement for nanocomposites. Chitin nanowhiskers can agglomerate within
a polymer matrix that can lead to ineﬀective reinforcement because of poor interaction
between the nanoﬁller and polymer matirx.
2.6.4 Thermogravimetric analysis (TGA)
This technique allows the study of the thermal stability of composites and their individual
components. This technique is used to measure any sort of loss in the weight of a sample
with regards to temperature. This is done in a controlled environment where conditions,
except for the temperature, are held constant. Samples will lose weight when it undergoes
decomposition, oxidation or dehydration at certain temperature intervals.
2.6.5 Attenuated total reﬂectance-Fourier transform infrared
(ATR-FTIR)
Diﬀerent functional groups on a compound can absorb infrared radiation at various wave-
lengths. This allows the investigator to detect the presence of speciﬁc functional groups
within a composite.
An attenuated total reﬂectance-Fourier transform infrared spectrometer is a very eﬀective
and simple instrument to use. Information about the chemical composition of the material
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 2. THEORETICAL BACKGROUND 26
as well as evidence proving the presence of speciﬁc particles within the material (blend,
composites etc.) can be acquired.
2.6.6 Diﬀerential scanning calorimetry (DSC)
This technique can help to determine the physical composition of the sample. The thermal
transition of a sample can be measured while the conditions are completely controlled with
a heating proﬁle preprogrammed before the sample is allowed to run. Information such
as the crystallinity, melting point, polydispersity of crystals as well as the glass transition
temperature can be ascertained. DSC can also be used to detect changes in crystallinity
and melting peaks of the matrix caused by the incorporation of ﬁllers such as chnw.
2.6.7 Fluorescence microscopy
Transmission electron microscopy and scanning electron microscopy lack to provide decent
imagery of ﬁller on a nano-scale. Fluorescence microscopy can give the investigator an
enhanced image with far better resolution and also show the dispersion of the nanoﬁller
in the polymer matrix on a 3D level. This is done by using thin optical sections which can
be obtained when combined with a laser scanning microscope (LSM). These sections can
be stacked and forms the 3D picture that can show particle dispersion within the matrix
on various levels and depths
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Chapter 3
Experimental
3.1 Materials
High impact polypropylene was selected as the polymer matrix (HiPP, CMR 648, Sasol
Polymers, ethylene content 14.87%). Two types of compatibilizer were chosen poly
propylene-graft-maleic anhydride (PPgMA) and poly (ethylene-co-vinyl alcohol) (EVOH,
with an ethylene content of 32%) from SIGMA - Aldrich. Chitin Nanowhiskers (derived
from Chitin, N -acetyl-1, 4-β-D-glucopyranosamine, supplied by USA from shrimp shells)
were used as the reinforcing nanoﬁller. Xylene, DMSO and an 70/30% isoproponal/water
solution was used as solvent (SIGMA). Stabilizers (2% w/w mixture of Irganox1010 and
Irgafos168) was added during this dissolution to prevent degradation during the process-
ing of composites.
3.2 Preparation of chitin nanowhiskers
Chitin nanowhiskers were prepared according to the method described in Mincea et al.
[1]. The preparation of chitin nanowhiskers consists of 4 main procedures:
1. Hydrolysis
2. Centrifugation
3. Dialysis
4. Freeze drying
Acid hydrolysis was done using 3 g chitin and 90 mL of 3 M HCl. The solution was heated
up to 105  and kept there for 4 hours. A beaker of about 90 mL iced distilled water was
added after the 4 hours. Centrifugation was done six times of 5 minutes each at high rpm.
During the centrifugation process the chitin nanowhiskers were separated from the larger
particles within the solution and decanted into dialysis tubes. The dialysis tubes were
placed in a large holder ﬁlled with distilled water. The water needed to be changed three
35
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time daily in order to remove the acid within the chnw solution. After 7 - 10 days the
chitin nanowhiskers solution was placed in round-bottom ﬂasks and frozen using liquid
nitrogen and dried under vacuum on the freeze dryer.
The chitin nanowhiskers were produced after freeze drying and had a white cotton-like
appearance. Ultra-soniﬁcation was necessary in order to enhance the dispersion of the
chitin nanowhiskers when these nanowhiskers were redispersed within the distilled water
or solvent for the production of nanocomposites.
3.3 Preparation of HiPP/chnw composites with
PPgMA as compatibilzer
Chitin nanowhiskers were added in varying concentrations to the solution of HiPP while
the PPgMA concentration was held constant at 2 wt%, 4 wt%, 6 wt%, 8 wt% and 10
wt%. The varying chitin nanowhisker loadings were selected as 3 wt%, 5 wt%, 8 wt% and
10 wt%. Chitin nanowhiskers were sonicated separately for an hour, each in 10 mL xylene
while PPgMA was dissolved at 135 in 20 mL xylene. The well dispersed chnw was then
added to the PPgMA and allowed to mix for 2 minutes at 135 . This solution was then
added to the HiPP solution and was mixed for another 2 minutes on a magnetic heating
stirrer plate with a magnetic stirrer at medium rotation speed while the temperature was
kept constant at 135 .
This solution was then attached to a rotary evaporator and the solvent was evaporated
oﬀ at a temperature of 60  at 40 mbar. The sample was placed in a vacuum oven for 4
hours at 60  to ensure all the solvent has evaporated [2]. The composite sample was a
white dry powder that could be injection molded and investigated further.
3.4 Preparation of HiPP/chnw composites with
EVOH as compatibilizer
Two diﬀerent methods were used for incorporation of chnw into the HiPP matrix. The
ﬁrst method that was used consist of solvent casting and injection molding. The second
method that was used was electrospinning followed by metlpressing.
The procedure for the ﬁrst processing method was as follows: The same procedure as
described for Section 3.3 was used for making nanocomposites with the exception of a
few small changes in order to compensate for the insolubility of EVOH in xylene [2].
Poly(ethylene-co-vinyl alcohol) was dissolved in 10 mL DMSO for an hour at 135  and
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the chnw were sonicated in 10 mL DMSO for an hour. High impact polypropylene was
dissolved with 2 wt% stabilizer in 20 mL xylene instead of 300 mL as in the case of sec-
tion 3.3. The rest of the method remained the same as mentioned above. During rotary
evaporation the xylene was ﬁrst evaporated oﬀ at 40 mbar followed by the DMSO at 18
mbar.
The conditions for the electrospinning of EVOH/chnw ﬁber mat are tabulated in Table 3.1.
Poly (ethylene-co-vinyl alcohol) was dissolved in an isopropanol/water (70/30%) solution
in order to get a 5 wt% EVOH solution. The chitin nanowhiskers were redispersed in an
isopropanol/water (70/30%) solution using ultra-soniﬁcation and then incorporated into
the EVOH ﬁbers in loadings of 3 wt%, 5 wt%, 8 wt% and 10 wt% chitin nanowhiskers.
The solution of chitin nanowhiskers within EVOH and also a solution of neat EVOH was
made up at a reaction temperature of 90  with an isopropanol/water (70/30%) solu-
tion. After electrospinning, the ﬁber mats were placed between two HiPP ﬁlms and melt
pressed at 185  for 3 minutes under a maximum pressure of 3 bars.
Table 3.1: Electrospinning conditions.
Conditions Setting
Voltage 15 kV
Temperature 23 - 25 
Solvent 30/70% water/isopropanol
Needle to tip distance 15 cm
3.5 Injection molding
Composite samples were molded into tensile bars with a HAAKE Mini Jet II from Thermo
Scientiﬁc (type 557 - 2290). Five tensile bars were molded for each composite sample using
injection molding. All composites that was produced with the the ﬁrst technique, solvent
casting, were subjected to injection molding in order to from tensile bars for further anal-
ysis with tensile testing. The only composite samples that were not subjected to injection
molding were the electrospun ﬁber mats and the electrospun ﬁber mats nanocomposites.
The following settings for injection molding were used:
1. Cylinder temperature: 250 
2. Mold temperature: 80 
3. Injection pressure: 250 bar
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4. Post (hold) pressure: 250 bar
5. Removal of sample
3.6 Hydraulic melt pressing
A hydraulic melt press (APEX Construction Ltd.) was used to heat the mold and press
HiPP ﬁlms. Sample preparation involved dissolution of the HiPP pellets in xylene followed
by precipitation with acetone or rotary evaporation in order to convert the pellets into
powder form. The precipitated powder was dried in a vacuum oven for 4 - 6 hours until
the solvent was completely removed. 3 g of sample was used with 2 wt% stabilizer added
to the polymer. The ﬁlms were melt-pressed at 180 - 185  for 3 minutes, applying a
pressure of 2 bars for 2 minutes, and then 3 bars for 1 minute. The sample was then
removed and allowed to cool down.
3.7 Methods of characterization
3.7.1 TEM analysis
Transmission electron microscopy was used to obtain images of chitin nanowhiskers. A
dilute droplet of redispersed chitin nanowhiskers was placed on a carbon coated TEM
grid and was negatively stained with urinal acetate. A LEO 912 EM TEM instrument
was used to obtain images of lower and higher magniﬁcation.
3.7.2 ATR-FTIR
One hundred scans were done for each sample. All the composites, EVOH/chnw electro-
spun ﬁbers and neat EVOH electrospun ﬁber mats were investigated using ATR-FTIR.
Analysis of composites and the individual compounds were done at room temperature us-
ing a Thermo Fisher Nicolet iS10 Attenuated total reﬂectance-Fourier Transform Infrared
spectrometer in absorbance mode format with a resolution of 4 cm−1.
3.7.3 TGA
The thermal stability of the composite materials as well as the electrospun ﬁber mats
were analyzed using a Q500 TGA7 instrument (Perkin Elmer, USA). The TGA analyses
were done under a nitrogen atmosphere. The samples were heated up over a temperature
range of 25 - 900  at a rate of 20 /min.
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3.7.4 SEM analysis
A Leo® 1430VP Scanning Electron Microscope at the central analytical facility of Stel-
lenbosch University was used to analyze the morphology of the electrospun ﬁbers mats
and the nanocomposites. Gold coated samples were mounted on a stub using double sided
carbon tape. Images were obtained in low and high magniﬁcations (X1000 and X10000
respectively). Beam conditions during surface analysis were 7 KV and approximately 1.5
nA, with a working distance of 13 mm and a spot size of 150.
3.7.5 DSC
The change in crystallization and melting temperature of the composites and ﬁbers were
analyzed using a Q100 (TA instruments) DSC instrument. An indium standard was used
under standard conditions. The procedure consisted of three cycles and a heating/cooling
ramp of 10 /min. The temperature range was set for -20 - 200  and kept isothermal
for 5 min at the last temperature. The thermal history was removed in this same way
before analysis of the samples.
3.7.6 Tensile testing
The thickness for each tensile bar was measured before analysis. At least ﬁve specimens
were tested for each composite sample in order to work out average for the tensile results.
The analyses were done using a LRX (LLOYD instruments) tensile tester. The test speed
was 50 mm/min and the initial force was 1 N. The sample dimensions were: gauge length
14.45 mm, width 3.02 mm, thickness 0.760 mm.
3.7.7 Fluorescence microscopy
Fluorescein isothiocyanate (FITC) was used as green ﬂuorescence dye. The color green
appears around 510 nm on the emission spectrum and that is what the confocal micro-
scope was set to detect. Chitin nanowhiskers were dissolved in NaOH and sonicated for
5 min and then covered with foil. Fluorescein isothiocyanate and NaOH were mixed in
a polytop and transferred to the chnw solution which was once again covered with foil
and left to stand for 72 hours. Image acquisition was performed on a Carl Zeiss Laser
Scanning Microscope (LSM) 780.
The setup for the experiment was as follows:
1. Laser: 488 nm (set at 4.5% laser power)
2. Beam splitters (used to direct light to the sample):
 MBS: 488
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 MBS InVis: Plate
3. FW1: None LSM
4. Master gain: 800
5. Filter (used to detect emitted ﬂuorescence) 490-578
6. Z-stack was performed with an increment of 1.500 um
7. Objective used: alpha Plan-Apochromat 100 x
8. The Images were acquired with a pixel dwell time of 3.15 us.
9. Zoom: 1.0
10. Pin hole: 77 um
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Chapter 4
Characterization of chitin nanowhiskers
4.1 Transmission electron microscopy
Transmission electron microscopy was used to analyze the produced chitin nanowhisker
(chnw) diameter and length. Figure 4.1 illustrates chnw dispersed within a high impact
polypropylene (HiPP) matrix. The ﬁber lengths of the chnw were between 150 - 250 nm
with an average ﬁber diameter of 12 nm. Some single nanowhiskers can be seen in Figure
4.1 as well as some aggregation but with no apparent defects or ﬂaws [1]. The aggrega-
tion is due to the high speciﬁc area and hydrogen bonding that occurs among the chitin
nanowhiskers [2]. Solution of the chitin nanowhiskers that was not freeze dried and then
redispersed appeared to have a homogeneous appearance. Only the chitin nanowhiskers
that were previously freeze dried and then redispersed in distilled water presented ag-
glomeration. Observations with the naked eye showed that chitin nanowhiskers that
were redispersed in distilled water began to settle at the bottom of the polytop. Chitin
nanowhiskers sampled from the dialysis tube before freeze drying remained in solution.
a) b)
Figure 4.1: TEM images of chitin nanowhiskers a) redispersed after freeze drying and b)
sampled directly from a dialysis tube.
During acid hydrolysis the chnw acquires a negative charge. The chitin nanowhiskers repel
each other due to this charge and this allows good dispersion within the nanocomposite.
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After freeze drying this charge is lost once the nanowhiskers are dry and thereafter they
tend to aggregated at high concentration within solution.
4.2 Fourier transform infrared analysis
The FTIR spectrum of chitin nanowhiskers illustrated in Figure 4.2 shows the character-
istic absorption bands [3] for the amide moieties at 1580 cm−1, 1625 cm−1 and 1662 cm−1.
Although it is not possible to accurately determine concentration using ATR-FTIR, an in-
crease in the intensity of the characteristic peaks indicates increased chnw content within
the composite. The presence of the chitin nanowhiskers within a nancomposite can be
proved using FTIR. The important reactive hydroxyl groups that will interact with the
maleic anhydride portion of PPgMA can also be identiﬁed using FTIR. These groups can
be seen at 3250 cm−1. The sharp peaks belonging to the hydroxyl group indicates the
high crystallinity of chnw [4].
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Figure 4.2: FTIR of pure chnw
4.3 Thermogravimetric analysis
The onset temperature of degradation is very similar for chitin and chnw. The hydrochlo-
ric acid that chitin is treated with to produce chnw as well as the strong hydrogen bonding
that exist between the chitin nanowhisker molecules because of the amide moieties allow
for thermal stability [5].
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Figure 4.3: TGA curves of chitin nanowhiskers.
Figure 4.3 presents the TGA curve chnw. An immediate drop in the initial slope can
be seen as loss of moisture within the chnw sample. This loss of moisture continues up
to approximately 60  and then stabilizes for a while. An increase in weight loss then
continues with a signiﬁcant decline in the slope of the curve at 280  and becomes more
gradual at approximately 470  [5].
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4.4 Conclusion
Transmission electron microscopy shows the spindle rod-like shape of the chitin nanowhiskers.
The images from TEM also indicates the good nano-scale dimensions of the chnw. A ten-
dency to agglomerate was seen for chnw that were redispersed in solution after the freeze
drying process.
The increase in crystallinity is a very important feature seen for chnw compared to chitin.
The important reactive groups can be visualized in the FTIR spectra for chnw with par-
ticular focus on the amide moieties. The thermal stability for chnw and chitin is very
similar and can be ascribed to these amide moiety groups that aﬀord strong hydrogen
bonding between the chnw ofr chitin chains. These reactive groups as well as the in-
creased crystallinity and ﬂawless nano-scale diameters of chnw is what will lend excellent
mechanical properties to a nanocomposite.
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Chapter 5
Results for HiPP/chnw nanocomposites
with PPgMA as compatibilizer
In this study two types of compatibilizers were used in order to ﬁnd optimized interaction
and dispersion of the nanoﬁbers within the nanocomposites. Chapter 5 will present the
results and discussion for the HiPP/chnw nanocomposites synthesized using PPgMA as
compatibilizer.
Polypropylene-graft-maleic anhydride presented no problems during the process of in-
corporating chnw into the matrix. Polypropylene-graft-maleic anhydride and chnw were
dissolved within xylene and then mixed with HiPP. Xylene was used as solvent throughout
the solvent casting process. Xylene is highly volatile and was easy to evaporate oﬀ before
the injection molding process. Good interaction between the hydroxyl groups on PPgMA
and the hydrophilic region in chnw allowed for good miscibility between the HiPP matrix
and chnw.
Fluorescence microscopy was used to analyze the dispersion of chnw in HiPP matrix and
to see the inﬂuence of PPgMA on the nanocomposite. Diﬀerential scanning calorimetry
and thermal gravimetric analysis showed how the incorporation of chnw and PPgMA
inﬂuenced the thermal properties of the nanocomposite. The tensile properties of the
nanocomposites were investigated using tensile testing.
5.1 Fluorescence microscopy analysis
Preparing ﬂuorescent-labeled chnw within all the nonocomposites with varying PPgMA
loadings was a time consuming process and costly because a huge bulk of chitin is required
to make only a small amount of chnw. Judging from the thermal and tensile analysis of
the nanocomposites, a high loading of chnw within the HiPP matrix can become aggre-
gated. We decided to take a nanocomposite sample with a PPgMA loading of 6 wt% as
a representative of the overall dispersion of the chnw within the HiPP matrix and added
a low and high loading of FITC-labeled chnw and illustrated the diﬀerences occuring in
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the nanocomposites using confocal microscopy.
Confocal microscopy was used on the nanocomposites sample containing 3wt% chnw and
6 wt% PPgMA and the nanocomposite sample containing 8 wt% chnw and 6 wt% PPgMA
to get an idea of the dispersion of chnw within the HiPP matrix. The nanocomposite
sample containing 3wt% chnw and 6 wt% PPgMA presented in Figure 5.1(a) and (b)
showed good dispersion of chnw within the HiPP matrix and agglomeration of chnw are
fairly low. The nanocomposite sample containing 8 wt% chnw and 6 wt% PPgMA shown
in Figure 5.1 (c) and (d) presented agglomeration within the HiPP matrix, with region
containing bulky, aggregated chnw particles and other regions that barely have any chnw
present as seen in Figure 5.1 (c). These images indicate that chnw are not uniformly dis-
persed and tend to agglomerate at higher concentrations due the strong hydrogen bonding
that occur between the chnw chains [1]. Overall dispersion of a lower chitin nanowhiskers
loading within the nanocomposite appeared to be good although only a very small frame
of the nanocomposite can be examined with the ﬂuorescence microscope because of the
small diameters of the chnw within the HiPP matrix.
a)
c)
b)
d)
Figure 5.1: Confocal microscope images of nanocomposites containing a) 3 wt% chnw and
6 wt% PPgMA (Frame 1) b) 3 wt% chnw and 6 wt% PPgMA (Frame 2) and c) 8 wt%
chnw and 6 wt% PPgMA (Frame 1) d) 8 wt% chnw and 6 wt% PPgMA (Frame 2)
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5.2 Attenuated total reﬂectance-fourier transform
infrared spectroscopy (ATR-FTIR)
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Figure 5.2: FTIR spectra of clean components.
Infrared spectroscopy was used to determine the presence of chnw and PPgMA in the
nanocomposite. Figure 5.2 shows the IR spectra for all the neat components (HiPP,
chnw and PPgMA) that were incorporated into the nanocomposite. Polypropylene-graft-
maleic anhydride have two distinguished peaks between 1800 cm−1 and 1700 cm−1 and
these are ascribed to the two ester carbonyl groups within the closed maleic anhydride
ring structure that is found on the polymer backbone [2]. High impact polypropylene have
two peaks between 1500 cm−1 and 1400 cm−1 that can be ascribed to the polypropylene
segment within HiPP. The polypropylene portion of PPgMA have peaks in the same
IR-range as the polypropylene portion of HiPP. At 720 cm−1 a peak ascribed to the ethy-
lene sequence can be seen speciﬁcally for HiPP, which means that ethylene segments or
blocks are present in the HiPP structure [3, 4, 5]. Clean chnw have prominent peaks
at 1580 cm−1, 1625 cm−1 and 1662 cm−1 that belongs to the amide moieties caused by
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carbonyl stretching [6, 7, 1].
FTIR of nanocomposite without compatibilizer
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Figure 5.3: FTIR spectra of nanocomposite without compatibilizer.
The infrared spectra shown in Figure 5.3 for the nanocomposites without compatibilizer
clearly shows the missing PPgMA peaks. The two peaks correlating to the maleic anhy-
dride reactive group in PPgMA that is usually seen between 1800 cm−1 and 1700 cm−1
are not present. The peaks that can be spotted at 1580 cm−1 and 1662 cm−1, next to the
peaks belonging to the polypropylene portion of HiPP, belong to the amide moieties of
chnw. This Figure presents increase in the peak intensity belonging to the chnw as the
loading of the chnw is increased within the HiPP matrix.
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FTIR of nanocomposite with 2 wt% PPgMA and various chnw loadings
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Figure 5.4: FTIR spectra of nanocomposites consisting of the HiPP matrix, 2 wt%
PPgMA and varying chnw loadings.
Figure 5.4 shows the presence of the IR peak belonging to the maleic anhydride group of
PPgMA between 1700 cm−1 and 1800 cm−1. The characteristic peaks of the amide moi-
eties for chnw are also present within the HiPP matrix. The intensity of the characteristic
peaks for chnw between 1580 cm−1 and 1662 cm−1 are diminished at low chnw loadings.
The peak intensities for PPgMA seems to remain about the same as for the clean sample
of PPgMA. The lowering in intensity of the chnw peaks are because the polypropylene
regions are more dominating compared to the chnw within the nanocomposite. The chnw
becomes more obscured by the segments that belongs to the HiPP matrix. The decrease of
the intensity of the amide moiety peaks belonging to chnw for the nanocomposite sample
containing 10 wt% chnw and 2 wt% PPgMA could be because the samples that were used
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contained unevenly distributed chnw within the nanocomposite caused by aggregation of
chnw at high chnw loadings. This meant that the amount of chnw varied in some of the
regions within the HiPP matrix and thus eﬀecting the spectra and the peak intensities.
The broad peak seen between 3350 cm−1 and 3400 cm−1 are indicative of the H-bonded
hydroxyl groups of chnw which increase in intensity as the chnw concentration is increased
from 3 wt% to 10 wt% chnw.
FTIR of nanocomposite with 4 wt% PPgMA and various chnw loadings
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Figure 5.5: FTIR spectra of nanocomposites consisting of the HiPP matrix, 4 wt%
PPgMA and varying chnw loadings.
Note that the scale was adjusted slightly for Figure 5.5 in order to show all the peak
intensities as clearly as possible. The same increase in peak intensity for chnw can be
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seen for these FTIR spectra as the chnw loading is increased. A slight increase can also
be seen for the peak at approximately 3000 cm−1 mainly belonging to the HiPP matrix.
This could be caused by the addition of PPgMA, with the polypropylene portion adding
to the peak intensities.
FTIR of nanocomposite with 6 wt% PPgMA and various chnw loadings
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Figure 5.6: FTIR spectra of nanocomposites consisting of the HiPP matrix, 6 wt%
PPgMA and varying chnw loadings.
Figure 5.6 shows further increase of the intensity of the peaks belonging to chnw as the
loading increases. The peaks correlating to the polypropylene fractions of the HiPP as
well as PPgMA also increase because of the higher content of PPgMA.
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FTIR of nanocomposite with 8 wt% PPgMA and various chnw loadings
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
80
100
120
140
3%chnw_8%PPgMA
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
80
100
120
140
5%chnw_8%PPgMA
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
80
100
120
140
8%chnw_8%PPgMA
%T
ran
sm
itta
nce
Wavenumbers (cm-1)
1000 1500 2000 2500 3000 3500 4000
80
100
120
140
10%chnw_8%PPgMA
Figure 5.7: FTIR spectra of nanocomposites consisting of the HiPP matrix, 8 wt%
PPgMA and varying chnw loadings.
The same results as stated before can be seen for Figure 5.7 and 5.8. The increase in
the polypropylene peak intensity at approximately 1700 cm−1 and 1800 cm−1 as well as
3000 cm−1 is due to the increasing load of PPgMA in the nanocomposite. The amide
moiety peaks for chnw also becomes more visible as the chnw content increases.
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FTIR of nanocomposite with 10 wt% PPgMA and various chnw loadings
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Figure 5.8: FTIR spectra of nanocomposites consisting of the HiPP matrix, 10 wt%
PPgMA and varying chnw loadings.
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5.3 Diﬀerential scanning calorimetry analysis (DSC)
The diﬀerential scanning calorimetry analysis is at constant pressure so the change in
heat ﬂow is purely connected to the changes in enthalpy for the nanocomposites [8]. The
change in heat ﬂow (diﬀerence between reference pan and sample pan) can be negative or
positive depending on the type of processes that may occur within the nanocomposites.
Endothermic processes such as decomposition reactions give a positive change in heat
ﬂow. Crystallization and other types of exothermic processes causes a negative change in
heat ﬂow [8].
High impact polypropylene is a general purpose injection molding grade and is therefore
suitable for use under high temperatures. It is therefore important that these favorable
thermal properties are not negatively aﬀected by the incorporation of chnw. The thermal
properties of the nanocomposite appear to remain greatly unchanged compared to the
HiPP matrix. Figures 5.9 to 5.12 illustrate the DSC curves for all nanocomposite samples
containing chnw and PPgMA.
The percentage crystallinity of each sample was determined by using equation (5.1) where
the ∆H100% for polypropylene is 207 J/g.
%Crystallization =
∆H
∆H100%
· (100) (5.1)
Table 5.1 shows the melting temperatures of the nanocomposites with various chnw and
PPgMA content. A slight decrease in the melting temperature can be seen for the
nanocomposites containing no compatibilizer. The nanocomposites containing 3 wt%
chnw and increasing PPgMA content showed an slight decrease in melting temperature.
There is not exactly a trend that can be seen for the 5 wt% chnw with PPgMA inside
HiPP. The nanocomposites containing 5 wt% chnw show an increase at lower PPgMA
content and then a decrease as PPgMA content is increased to 6 wt% PPgMA. The
melting temperature lowers slightly more signiﬁcantly for the nanocomposites contain-
ing 8 wt% chnw and a increasing PPgMA content. The polypropylene regions of the
PPgMA seem to have an inﬂuence on the HiPP matrix causing the lowered melting tem-
perature. The nanocomposite containing 10 wt% chnw showed a general decrease in the
melting temperature as the PPgMA loading is increased. The melting temperature for
the nanocomposite sample containing 8 wt% and 10 wt% chnw with 2 wt% PPgMA pre-
sented a similar melting temperature peak as seen for HiPP at approximately 165 .
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Table 5.1: Melting points () of HiPP/chnw (PPgMA) nanocomposites where 0 wt%
chnw and 0 wt% PPgMA indicates clean HiPP.
Tm ()
wt%
chnw
0%PPgMA 2%PPgMA 4%PPgMA 6%PPgMA 8%PPgMA 10%PPgMA
0 165.8
3 163.7 163.7 163.7 163.3 163.6 163.1
5 163.6 164.5 164.0 163.4 163.1 163.2
8 164.0 165.2 163.6 161.6 162.3 162.1
10 164.0 165.1 162.8 162.4 163.0 162.1
Table 5.2 shows the crystallization percentage of the nanocomposites with various chnw
and PPgMA content. The percentage of crystallization are much lower for nanocom-
posite samples containing no compatibilizer. It tends to decrease as the chnw content
is increased. The percentage of crystallization appears to decrease for a nanocomposite
sample with a chnw loading of 3 wt% chnw and low PPgMA content up to 4 wt%. The
crystallization percentage increase above PPgMA loadings of 6 wt% PPgMA. The largest
percentage crystallization for the nanocomposites containing 3 wt% can be seen in the
combination with 10 wt% PPgMA. Nanocomposites containing 5 wt% chnw with increas-
ing PPgMA content indicates a higher percentage of crystallization overall compared to a
clean HiPP sample. The highest change in percentage crystallization can be seen for the
nanocomposite sample containing 5 wt% chnw and 10 wt% PPgMA. The nanocomposites
containing 10 wt% chnw showed an increased percentage of crystallization upon the ad-
dition of 2 wt% PPgMA, then a decrease could be seen as the PPgMA load was increased
up to 6 wt%. The percentage crystallization increased for higher PPgMA loadings of 8
wt% and 10 wt% combined with lower chnw loadings.
Table 5.2: Percentage crystallization (%) of HiPP/chnw (PPgMA) nanocomposites where
0 wt% chnw and 0 wt% PPgMA indicates clean HiPP.
% Crystallization
wt%
chnw
0%PPgMA 2%PPgMA 4%PPgMA 6%PPgMA 8%PPgMA 10%PPgMA
0 42.5
3 40.0 39.4 34.2 39.8 42.5 42.1
5 37.0 43.7 42.1 55.4 46.6 49.7
8 37.1 43.2 37.6 38.7 42.8 36.3
10 37.1 43.3 39.4 35.0 41.6 44.2
There appears to be an overall slight increase in crystallization for nanocomposites con-
taining higher PPgMA loadings and lower chnw loadings. Chitin nanowhiskers can act
as a nucleating agent. This means that chnw can form smaller crystals within the ma-
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trix. These smaller crystals can have lower melting points thus inﬂuencing the melting
temperature of the HiPP matrix. There are however also some decrease in crystallization
witnessed within the table for the nanocomposites containing lower PPgMA content and
low chnw loadings. This lowering of the percentage crystallization can be caused by the
chnw containing trace amounts of acid even after careful dialysis. The presence of acid
can cause oxidative degradation that can result in changes in the chemical composition
of chnw which in turn can result in the loss of alcohol groups that lowers the amount
of hydrogen bonding between the chains. Chitin nanowhiskers can also prevent polymer
chains from crystallizing because of the interference that can be caused by aggregated
chnw within the HiPP matrix [1].
The changes that was illustrated in the Tables 5.1 and 5.2 for the nanocomposites con-
taining various loadings of PPgMA and chnw are also presented in Figure 5.9 to 5.12.
The crystallization percentage shows vertical shifting compared to the peaks for a clean
HiPP sample as can be seen in all the DSC thermograms. The melting temperature of
the melting peaks for the nanocomposites remain relatively the same as for clean HiPP.
Figure 5.9: DSC thermograms showing the eﬀect that various wt% PPgMA and 3 wt%
chnw have on the HiPP matrix.
The presence of the chnw within the HiPP matrix appear to enhance the crystallinity
of the nanocomposites slightly which can explain the change in heat ﬂow compared to a
clean HiPP sample. Figure 5.9 shows that the nanocomposites with low chnw loadings
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and high PPgMA content have increased crystallization peaks compared to the nanocom-
posites samples with low chnw loadings and low PPgMA loadings.
4
2
0
2
4
6
He
at 
Flo
w (
W/
g)
50 0 50 100 150 200 250
Temperature (°C)
                  clean HiPP–––––––
                  5%chnw_2%PPgMA–––––––
                  5%chnw_4%PPgMA–––––––
                  5%chnw_6%PPgMA–––––––
                  5%chnw_8%PPgMA–––––––
                  5%chnw_10%PPgMA–––––––
Exo Up Universal V4.1D TA Instruments
Figure 5.10: DSC thermograms showing the eﬀect that various wt% PPgMA and 5 wt%
chnw have on the HiPP matrix.
A increase in the crystallization peak can be seen for nanocomposites containing 6, 8 and
10 wt% PPgMA and a chnw loading of 5 wt% as presented in Figure 5.10. The rest
of the nanocomposites containing PPgMA loadings of 2 wt% and 4 wt% have a lower
crystallization peaks compared to the other nanocomposites. The highly crystalline chnw
enhances the crystallinity because of the small crystals that form within the HiPP matrix.
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Figure 5.11: DSC thermograms showing the eﬀect that various wt% PPgMA and 8 wt%
chnw have on the HiPP matrix.
Similar results can be seen for the DSC thermogram in 5.11. Nanocomposites contain-
ing high amounts of chnw combined with low loadings of PPgMA, such as seen for the
nanocomposite sample containing 8 wt% chnw and 2 wt% PPgMA, shows a larger in-
crease in the crystallization peak compared to a clean HiPP sample. The nanocomposite
sample containing 8 wt% chnw and 8 wt% PPgMA shows a high increase in percentage
crystallization. This increase in crystallization can be caused by the irregular distribution
of chnw on a molecular level within the nanocomposite sample caused by the aggrega-
tion that occur within the nanocomposite at high chnw loadings combined with a high
PPgMA load. It was therefor possible that the samples used for the DSC analysis of the
nanocomposite containing 8 wt% PPgMA and 8 wt% chnw consist of irregular distributed
clusters of chnw which caused the increase in the crystallization peak.
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Figure 5.12: DSC thermograms showing the eﬀect that various wt% PPgMA and 10 wt%
chnw have on the HiPP matrix.
Figure 5.12 presented an increase in crystallization peaks for nanocomposites containing
high chnw loadings and lower PPgMA loadings. The exception can be seen for nanocom-
posite samples containing 10 wt% chnw and 10 wt% PPgMA. Agglomeration occur be-
tween the chnw because of the high chnw loading, but the chnw content is so high that
some interaction between the extremely high PPgMA content and the chnw must occur
forcing some interaction between the chnw and the HiPP matrix.
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 5. RESULTS FOR HIPP/CHNW NANOCOMPOSITES WITH PPGMA AS
COMPATIBILIZER 62
5.4 Thermogravimetric analysis (TGA)
Figure 5.13 presents the TGA curves for the individual components used in the prepara-
tion of the nanocomposites. The weight loss of chnw appears to be immediate, and this
can be due to the loss of moisture. This loss of moisture continues up to approximately
60  where after it seems to stabilize for a time. The weight loss then starts to increase
signiﬁcantly at 280  and begins to even out at approximately 470  [1].
Degradation for PPgMA occurs at about 144  and continues more rapidly at 380  un-
til it reaches 100% weight loss at approximately 480 . High impact polypropylene has
weight loss commencing at about 288  and rapidly increases at 400  until it reaches
complete degradation at 500 . Similar results can be seen for all the nanocomposites
with a slight increase of the temperature where it reaches 100% weight loss.
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Figure 5.13: TGA curves of the individual components used in the preparation of the
nanocomposites.
The thermogravimetric analysis results for the nanocomposites containing chnw and
PPgMA were shown in Figure 5.14 to 5.18. Figure 5.14 presents the TGA results for
2 wt% PPgMA with various chnw loadings. The onset temperature does not seem to
change signiﬁcantly for the nanocomposites samples containing 2 wt% PPgMA and low
chnw loadings. The slope of the TGA curves for higher chnw content with 2 wt% PPgMA
appear to become slightly less steep indicating a small improvement in the thermal sta-
bility of the nanocomposite compared to clean HiPP.
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Figure 5.14: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 2 wt% PPgMA into HiPP matrix
compared with neat samples of HiPP, chnw and PPgMA.
Figure 5.15 shows nanocomposite samples containing 3 - 5 wt% chnw with 4 wt% PPgMA
that present a onset of degradation and overall weight loss at the same temperatures as
that for the clean HiPP sample. The nanocomposite sample containing chnw loading of
8 and 10 wt% shows a slight increase in the onset of the degradation temperature as
compared to the clean HiPP sample.
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Figure 5.15: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 4 wt% PPgMA into HiPP matrix
compared with neat samples of HiPP, chnw and PPgMA.
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The nanocomposites containing 6 wt% PPgMA are illustrated in Figure 5.16. An im-
provement of thermal stability of the nanocomposite containing a higher loading of chnw
such as seen for 8 and 10 wt% chnw can be seen in combination with a loading of 6 wt%
PPgMA. Complete weight loss of the nanocomposite occurs at a higher temperature as
that which can be seen for a clean samlpe of HiPP.
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Figure 5.16: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 6 wt% PPgMA into HiPP matrix
compared with neat samples of HiPP, chnw and PPgMA.
Figure 5.17 presents the nanocomposites containing 8 wt% PPgMA and varying chnw
loading. The thermal degradation properties appear to be similar to that of the clean
HiPP sample except for the 8 and 10 wt% chnw loadings. A steep initial weight loss can
be seen for chnw loading of 8 wt% and 8 wt% PPgMA causing the further weight loss
at approximately 50  to be lower than that for the clean HiPP sample. This could
be caused by possible aggregation of chnw within the nanocomposite. Agglomeration
of the chnw can cause the interaction between the PPgMA and the HiPP matrix to be
hindered. The nanocomposite sample with 10 wt% chnw content have a weight loss at a
higher temperature than all the other composites containing 8 wt% PPgMA along with
the clean HiPP sample.
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Figure 5.17: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 8 wt% PPgMA into HiPP matrix
compared with neat samples of HiPP, chnw and PPgMA.
Figure 5.18 presents the nanocomposites containing 10 wt% PPgMA and varying chnw
loading. Similar thermal degradation properties appear can be seen to that of a clean
HiPP sample. The nanocomposites containing 8 and 10 wt% chnw loadings combined
with 10 wt% PPgMA shows an increase in the onset of degradation temperature.
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Figure 5.18: TGA curves overlayed to show the change in onset and maximum temper-
ature during incorporation of various chnw loadings with 10 wt% PPgMA into HiPP
matrix compared with neat samples of HiPP, chnw and PPgMA.
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The onset of the degradation temperatures for the nanocomposites are summarized in
Table 5.3 and 5.4. Only these nanocomposites were shown to get an overall view of
the thermal stability of the nanocomposites since the results were very similar as seen
in the TGA curves presented above. It is apparent in Table 5.3 that the weight loss of
the nanocomposites occurs at relatively the same temperatures as seen for a clean HiPP
sample. The increase in chnw can cause dispersion of the chnw within the matrix to
become poor and this can lessen the eﬀect the chnw have on the thermal stability of the
nanocomposite. Table 5.4 shows how the increase in PPgMA aﬀects the onset of degra-
dation temperature of the nanocomposite in a positive manner. Although as mentioned
earlier in this section, the thermal stability for the nanocomposites does not seem to be
greatly aﬀected or changed compared to a clean HiPP sample which is favorable.
Table 5.3: TGA onset degradation temperature and weight loss percentage of nanocom-
posites with various chnw loadings and 2 wt% PPgMA.
Sample Onset degradation Temperature () Onset (weight%)
clean HiPP 289.0 99.7
clean chnw 277.1 94.2
clean PPgMA 144.0 99.6
3%chnw_2%PPgMA 318.3 99.4
5%chnw_2%PPgMA 319.9 99.4
8%chnw_2%PPgMA 316.9 99.4
10%chnw_2%PPgMA 309.8 99.5
Table 5.4: TGA onset degradation temperature and weight loss percentage of nanocom-
posites with various chnw loadings and 10 wt% PPgMA.
Sample Onset degradation Temperature () Onset (weight%)
clean HiPP 289.0 99.7
clean chnw 277.1 94.2
clean PPgMA 144.0 99.6
3%chnw_10%PPgMA 270.8 98.4
5%chnw_10%PPgMA 286.1 98.1
8%chnw_10%PPgMA 289.0 99.7
10%chnw_10%PPgMA 292.11 99.64
5.5 Tensile testing
Tensile testing was done on each nanocomposite as described in Section 3.7.6 in order
to obtain necessary information about the changes in the mechanical properties of the
HiPP matrix caused by the chnw as ﬁllers. Information such as the Young's modulus,
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 5. RESULTS FOR HIPP/CHNW NANOCOMPOSITES WITH PPGMA AS
COMPATIBILIZER 67
maximum tensile strength, stress before compensation and elongation at break were all
accumulated during analysis.
Stress-strain curve overlays of the diﬀerent HiPP/chnw nanocomposites synthesized with
various loadings of PPgMA as compatibilizer are shown in Figures 5.21 to 5.29. Stress-
strain curve overlays were used to compare how the various concentrations of PPgMA
within the nanocomposites inﬂuenced the interaction between the chnw and HiPP ma-
trix. The stress-strain curves also illustrate how the mechanical properties were aﬀected
by the incorporation of diﬀerent loadings of chnw and PPgMA. Polypropylene-graft-maleic
anhydride does contribute to the improvement of the Young's modulus of the HiPP ma-
trix as seen in Figure 5.19 without the presence of chnw in the matrix. The maximum
tensile strength appears to improve at low PPgMA loading compared to a clean sample
of HiPP but the Young's modulus remained greatly unchanged.
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Figure 5.19: Stress-strain curves showing composites containing no chnw and only HiPP
and PPgMA
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A slight decrease in the maximum tensile strength occurs after PPgMA loading is increased
to 6 wt%. At very high PPgMA content, the maximum stress was lowered severely and
the extension before compensation of the HiPP matrix compared to clean HiPP were
signiﬁcantly diminished [9]. The largest decrease in maximum tensile strength can be
seen for the nanocomposite that contains 10 wt% PPgMA. The interaction between the
PPgMA and the HiPP matrix can cause deformation in the isotactic polypropylene por-
tion of the HiPP matrix which is more crystalline and can cause the increase in maximum
tensile strength [2].
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Figure 5.20: Stress-strain curves showing composites containing no compatibilizer and
only HiPP and chnw
Figure 5.20 presents the nanocomposite containing no compatibilizer. The presence of
chnw increase the Young's modulus of the HiPP matrix slightly and causes the HiPP ma-
trix to become less ductile, lowering the elongation at break severely. The results indicate
that there is little to no interaction between the chnw and HiPP matrix since the tensile
strength appears to result only from the isotactic polypropylene of the HiPP matrix.
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Figure 5.21: Stress-strain curves showing 3% chnw combined with varying PPgMA content
within HiPP nanocomposites
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The results presented in Figure 5.21 show an increase in the Young's modulus as soon
as a PPgMA loading of 2 wt% is added. The Young's modulus increases as the PPgMA
load is increased while the chnw content remains at 3 wt%. The highest value for the
Young's modulus can be seen for the nanocomposite that contains 10 wt% PPgMA and
3 wt% chnw within the HiPP matrix. Loading of 4 wt% PPgMA appeared to be a poor
combination with a chnw loading of 3 wt% which could be caused by poor dispersion of
chnw within the PPgMA solution before solvent casting was done which will inﬂuence
the interaction with the HiPP matrix. The maximum tensile strength decreased slightly
compared to the nanocomposites containing no chnw loadings. The largest maximum
tensile strength is seen for the 10 wt% PPgMA loaded nanocomposite with 3 wt% chnw.
This can be due to good interaction between PPgMA and chnw.
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Figure 5.22: Stress-strain curves showing 5%chnw combined with varying PPgMA content
within HiPP nanocomposites
Figure 5.22 shows the nanocomposites with 5 wt% chnw content and varying PPgMA
content. The maximum tensile strength appears to increase for a PPgMA content of 4
wt% in combination with a chnw loading of 5 wt%. This means that the 5 wt% chnw
loading is a good combination with the 4 wt% PPgMA loading and that there is good
interaction and dispersion within the nanocomposite sample. The Young's modulus also
appears to be greater than the 3 wt% chnw loading with 4 wt% PPgMA content in the
previous nanocomposite sample. The maximum tensile strength is lower than compared
to the composite sample containing 3 wt% chnw, with the exception of the composite
sample containing 3 wt% chnw and 4 wt% PPgMA.
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Figure 5.23: Stress-strain curves showing 8%chnw combined with varying PPgMA content
within HiPP nanocomposites
The composite sample containing 8 wt% chnw and various loading of PPgMA can be
seen in Figure 5.23. The maximum tensile strength for this composite containing a chnw
loading of 8 wt% is higher than a clean sample of HiPP. The Young's modulus is much
lower for the composite samples containing high loadings of PPgMA with 8 wt% chnw.
Improvement of the Young's modulus can be seen as soon as the PPgMA content is low-
ered to 4 wt% and 2 wt%.
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Figure 5.24: Stress-strain curves showing 10%chnw combined with varying PPgMA con-
tent within HiPP nanocomposites
Figure 5.24 illustrates the decrease in Young's modulus as the chnw content increase along
with the increase of PPgMA content. At the high chnw content of 10 wt%, chnw tend
to agglomerate more because of the increasing interaction between the chnw chains. The
nanocomposite sample containing 10 wt% PPgMA with 10 wt% chnw shows a slight in-
crease of the Young's modulus due to forced interaction between the PPgMA and chnw
at such high loadings. It is possible, however, that for the rest of the nanocomposites
containing high PPgMA and chnw loadings, the solution during solvent casting becomes
too viscous. This increase in viscosity of the solution causes agglomeration of chnw and
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less interaction with the PPgMA which leads to poor compatibility with the HiPP matrix.
This explanation could be further justiﬁed by the fact that the only nanocomposite with
10 wt% chnw that is above the Young's modulus of HiPP is the nanocomposite sample
of 2 wt% PPgMA and 10 wt% chnw.
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Figure 5.25: Stress-strain curves showing various concentrations of chnw combined with
2%PPgMA within HiPP nanocomposites
All the nanocomposite samples in Figure 5.25 showed a higher Young's modulus than that
for a clean HiPP sample with the exception of the nanocomposites containing high chnw
and PPgMA loadings. The best tensile properties that can be seen for these nanocom-
posite samples in Figure 5.25 are the nanocomposites containing 10 wt% chnw and 2 wt%
PPgMA. Both the maximum strength and Young's modulus is greater for the nanocom-
posites containing loadings of 10 wt% chnw and 2 wt% PPgMA. This combination was
eﬀective in aﬀording good dispersion and compatibility between the HiPP matrix and
chnw. As soon as the PPgMA content becomes too high the increase in viscosity of the
solution propagates agglomeration of the chnw.
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Figure 5.26: Stress-strain curves showing various concentrations of chnw combined with
4%PPgMA within HiPP nanocomposites
Figure 5.26 illustrates a decrease in the Young's modulus for all the nanocomposites
that contain 4 wt% PPgMA except the nanocomposite samples containing 5 wt% and 8
wt% chnw. The maximum tensile strength remains relatively above the maximum tensile
strength for the clean HiPP sample.
Strain
Str
ess
Closer look at chnw_6%PPgMA
0 10 20 30 400
5
10
15
20
25
30
35 clean HiPP
10%chnw_6%PPgMA
8%chnw_6%PPgMA
5%chnw_6%PPgMA
3%chnw_6%PPgMA
Strain
Str
ess
Overlay of chnw_6%PPgMA
0 20 40 60 80 100 120 1400
5
10
15
20
25
30
35 clean HiPP
10%chnw_6%PPgMA
8%chnw_6%PPgMA
5%chnw_6%PPgMA
3%chnw_6%PPgMA
Figure 5.27: Stress-strain curves showing various concentrations of chnw combined with
6%PPgMA within HiPP nanocomposites
Figure 5.27 shows the nanocomposites with loadings of varying chnw and 6 wt% PPgMA.
As mentioned previously in Figure 5.25, the increase in PPgMA content can become too
much causing an increase in viscosity that forces chnw to aggregate. The nanocomposites
with loadings of 6 wt% PPgMA and a high chnw content of 8 wt% and 10 wt% show a
clear decline in Young's modulus. This further justiﬁes the explanation that agglomera-
tion of the chnw within a viscous solution have aﬀected the interaction between the chnw
and HiPP matrix.
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Figure 5.28: Stress-strain curves showing various concentrations of chnw combined with
8%PPgMA within HiPP nanocomposites
The viscous eﬀect of the increase PPgMA and chnw content in solution has a clear in-
ﬂuence on the interaction of the nanocomposite as shown in Figure 5.28. The nanocom-
posites containing 3 wt% and 5 wt% chnw combined with 8 wt% PPgMA show improved
Young's modulus and maximum tensile strength. The rest of the composite samples show
a decrease in the Young's modulus although the maximum tensile strength remains above
that for the clean HiPP sample. The high amount of PPgMA added together with the
high chnw content causes agglomeration because the solution becomes too viscous. This
agglomeration leads to poor distribution of chnw within the HiPP matrix. Parts of the
nanocomposites remain free of chnw and therefore leaves these areas vulnerable to high
stress.
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Figure 5.29: Stress-strain curves showing various concentrations of chnw combined with
10%PPgMA within HiPP nanocomposites
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The optimum conditions for mechanical improvement appear to be at a high chnw content
combined with very low PPgMA content, or low chnw content with a high PPgMA con-
tent. These combinations improved the Young's modulus and also the maximum tensile
strength but the elongation at break for clean HiPP is dramatically larger compared to
the nanocomposite containing chnw and PPgMA.
The maximum extension for a clean sample of HiPP before compensation is 63.33 mm,
wheareas for 3%chnw_10%PPgMA as seen in Figure 5.29, the extension before compensa-
tion is 6.08 mm. Overall the amount of load that can be supported by the nanocomposites
are larger than what a sample of clean HiPP can withstand. Clean HiPP supports a load
up to approximately 185 N but 3%chnw_10%PPgMA can support a load up to 253 N.
A decrease in load support can be seen as the chnw concentration is increased as seen
for the nanocomposite sample containing 8 wt% and 10 wt% chnw with 10 wt% PPgMA.
An increase in chnw content causes the solution to become extremely viscous and allow
agglomeration of the chnw within the HiPP matrix to occur.
The Young's modulus gave an indication of how the chnw aﬀected the tensile properties of
the HiPP matrix without compatibilizers added as can be seen in Table 5.5. The average
tensile strength for the nanocomposites containing no compatibilizer appears largely un-
changed leading to the conclusion that the chnw have extremely poor interaction with the
matrix without the help of a compatibilizer. Only the combination of chnw and PPgMA
within the HiPP matrix that presented ideal improvement in the Young's modulus and
maximum tensile strength were presented in the Tables 5.5 to 5.7 along with the less
favorable combinations of the same composite sample.
Table 5.5: Tensile testing data of clean sample HiPP as well as HiPP containing chnw
with no compatibilizer
Sample Name Young's Modulus (MPa)
Clean_HiPP 4.7
3%chnw_HiPP 4.6
5%chnw_HiPP 4.4
8%chnw_HiPP 4.7
10%chnw_HiPP 4.5
The improvement of the hardness of the HiPP matrix is dependent on the interaction
between the chnw and the matrix as mentioned earlier. The rubber material distributed
within the HiPP matrix and the isotactic polypropylene fractions [2] play a role in this
interaction. Even with the presence of PPgMA as compatibilizer, as seen when comparing
Tables 5.6 and 5.7 to 5.5, chnw can agglomerate and become poorly distributed within
the HiPP matrix when added in higher concentrations. Compatibilizers that are added in
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large amounts to a high concentration of chnw in solution can cause agglomeration, since
the solution becomes too viscous. This agglomeration of chnw within the viscous solution
causes defects within the nanocomposite due to poor distribution. This leaves parts of
the matrix free of chnw and therefore much softer [2].
Table 5.6: Tensile testing data of 2 wt% PPgMA with various wt% chnw in HiPP matrix
Sample Young's Modulus (MPa)
3%chnw_2%PPgMA 8.9
5%chnw_2%PPgMA 9.2
8%chnw_2%PPgMA 10.0
10%chnw_2%PPgMA 11.3
Table 5.7: Tensile testing data of 10 wt% PPgMA with various wt% chnw in HiPP matrix
Sample Young's Modulus (MPa)
3%chnw_10%PPgMA 10.748
5%chnw_10%PPgMA 8.398
8%chnw_10%PPgMA 5.894
10%chnw_10%PPgMA 5.132
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5.6 Conclusion
Fluorescence microscopy only show a very small frame of the nanocomposite because of
the nano-scale of the chnw within the HiPP matrix. The images show good dispersion
of chnw inside the nanocomposites. Some agglomeration could be seen in some of the
ﬂuorescence microscopy imaging frames. These images indicate how diﬃcult achieving
good dispersion of chnw within the nanocomposite can be. Fluorescence appears to be
a good option for investigating chnw dispersion within a nanocomposite. A ﬂuorescence
microscope that has a higher resolution can be more helpful in the investigation of chnw
dispersion within the HiPP matrix. The results obtained are not yet conclusive but can
be used as a basis for further studies. The infrared spectra showed the presence of the
individual components (PPgMA, chnw and HiPP) within the nanocomposites. The peak
intensity increased for chnw and the polypropylene fraction on the FTIR spectra as the
loading for chnw and PPgMA were increased, respectively.
The DSC curves indicate a overall slight increase in crystallization for nanocomposites
containing higher PPgMA loadings and lower chnw loadings. An increase in the crystal-
lization can be seen for loadings containing low PPgMA and high chnw. Some thermal
stability is observed with the TGA curves for the nanocomposites when the PPgMA con-
tent is increased. At higher chnw loadings the thermal stability becomes similar to that of
a clean HiPP sample. This can be explained by the small dimensions of chnw within the
HiPP matrix. The small diameter of chnw can cause an absence of chnw in some region
of the nanocomposite when the chnw is added in small amounts. The strong hydrogen
interactions between the chnw can also interfere with the interaction thereof within the
nanocomposite.
It has been seen that the tensile properties of the HiPP matrix can be improved after the
incorporation of chnw as nanoﬁller and PPgMA as compatibilizer. Chitin nanowhiskers
can agglomerate and become poorly distributed when added to the HiPP without com-
patibilizer. As the concentration for PPgMA and chnw increased within the nanocom-
posite solution, the viscosity increased as could be measured with the naked eye. This
caused agglomeration of chnw within the viscous solution and propagated defects inside
the nanocomposite due to the poor distribution of chnw within the HiPP matrix. This
leaves parts of the HiPP matrix free of chnw and therefore much more vulnerable to stress
fractures [2]. The optimum conditions for mechanical improvement appear to be at a high
chnw content combined with very low PPgMA loading, or a low chnw loading with a high
PPgMA content.
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Chapter 6
Results for HiPP/chnw nanocomposites
with EVOH as compatibilizer
Poly(ethylene-co-vinyl alcohol) was used as a second type of compatibilizer to investigate
the diﬀerent eﬀects that diﬀerent types of compatibilizers can have on the interaction of
chnw within the nanocomposites. There were some complications concerning the use of
EVOH as a compatibilizer. Solvent casting and injection molding proved to be problem-
atic due to the immiscibility of EVOH in xylene, which was the best solvent required
for dissolving HiPP. The solvent that was used for the solution of EVOH and chnw was
DMSO, and the use of this solvent also presented problems of its own. Dimethyl sulfoxide
does not evaporate very easily from the composite after solvent casting and this eﬀected
results during thermal and mechanical analysis. This problem was overcome by choosing
a second type of method of chnw incorporation into the HiPP matrix which is known as
electrospinning combined with melt pressing. This technique proved much more eﬀective
for using EVOH as a compatibilizer during chnw incorporation, making it possible to side
step the solvent immiscibility problems.
6.1 Solvent casting and injection molding
6.1.1 ATR-FTIR
Infrared spectra of the clean components (EVOH, chnw and HiPP) in the nancomposite
are presented in Figure 6.1. The infrared spectrum for chnw indicates the amide moieties
that are the most characteristic peaks for identifying chnw within the nanocomposite.
The peaks belonging to the chnw appear at 1580 cm−1, 1625 cm−1 and 1662 cm−1 and
are caused by carbonyl stretching of the amide moieties [1, 2, 3]. Two peaks are visible
for HiPP between 1500 cm−1 and 1400 cm−1 that belong to the polypropylene fraction
within HiPP. The polypropylene-portion of HiPP also shows peaks 720 cm−1 ascribed to
the ethylene sequence [4, 5, 6].
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FTIR spectra of individual components
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Figure 6.1: FTIR spectra of clean components.
The infrared spectra for EVOH show the absorption bands of the hydroxyl group at
3050 cm−1 to 3550 cm−1 [7]. Poly(ethylene-co-vinyl alcohol) shows peaks also correlating
to the PVOH part at 230 cm−1, corresponding to the C=C groups, and at 280 cm−1,
corresponding to the C=O groups [8]. The peak corresponding to the CH-stretching vi-
bration within the EVOH can be seen at 2920 cm−1 [9]. The band found at 1420 cm−1
can both be attributed to saturated CH-groups from the PE component. Some of the
peaks seen for HiPP at 2833 cm−1 and 2912 cm−1 overlap with EVOH making it a little
bit more challenging to identify the peaks of HiPP within the nanocomposites.
The nanocomposites containing no EVOH as compatibilizer can be seen in Figure 6.2.
The amide moiety peaks at 1580 cm−1, 1625 cm−1 and 1662 cm−1 for chnw can be seen
more clearly as the intensity increases when the chnw loadings are increased.
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FTIR of nanocomposite without compatibilizer
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Figure 6.2: FTIR spectra of nanocomposite without compatibilizer.
The spectra of nanocomposites containing various chnw loadings along with 2 wt% EVOH
in a HiPP matrix are presented in Figure 6.3. An increase in the chnw peak corresponding
to the amide moieties can be seen as expected as the chnw content increases. An increase
in the peaks belonging to EVOH can also be seen especially for the absorption band of
the hydroxyl group at 3050 cm−1 to 3550 cm−1. The increase in intensity can be seen for
the higher chnw loading of 10 wt% with a low EVOH content of 2 wt%.
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 6. RESULTS FOR HIPP/CHNW NANOCOMPOSITES WITH EVOH AS
COMPATIBILIZER 81
FTIR of nanocomposite with 2 wt% EVOH and various chnw loadings
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Figure 6.3: FTIR spectra of nanocomposites consisting of the HiPP matrix, 2 wt% EVOH
and varying chnw loadings.
Figure 6.4 shows the possible agglomeration of EVOH within the nanocomposite due to
the immiscibility that of EVOH in xylene. Irregular increase in the EVOH peak intensity
can be seen throughout the nanocomposite samples containing 4 wt% EVOH. A slight
increase in the peaks belonging to chnw can be seen, however this increase in the peak
intensity also becomes irregular.
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FTIR of nanocomposite with 4 wt% EVOH and various chnw loadings
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Figure 6.4: FTIR spectra of nanocomposites consisting of the HiPP matrix, 4 wt% EVOH
and varying chnw loadings.
Figure 6.5 presents further irregularities and it can be assumed that this is caused by
further aggregation of EVOH and chnw within the nanocomposite. The EVOH is clearly
not uniformly distributed within the nannocomposite and causes the chnw to agglomerate
as well thus lowering the overall interaction and distribution of the chnw with the HiPP
matrix.
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FTIR of nanocomposite with 6 wt% EVOH and various chnw loadings
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Figure 6.5: FTIR spectra of nanocomposites consisting of the HiPP matrix, 6 wt% EVOH
and varying chnw loadings.
Figure 6.6 only further proves the immiscibility of EVOH that occurs in the nanocompos-
ite solution due to the two diﬀerent solvents that were used. The chnw and EVOH peaks
appear slightly larger in intensity compared to the rest of the nanocomposite sample con-
taining 8 wt% EVOH with varying chnw. This could be caused by the small amount of
chnw that does not aggregate so much as compared to higher chnw content.
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FTIR of nanocomposite with 8 wt% EVOH and various chnw loadings
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
60
80
100
120
140
3%chnw_8%EVOH
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
60
80
100
120
140
5%chnw_8%EVOH
%T
ran
sm
itta
nce
1000 1500 2000 2500 3000 3500 4000
60
80
100
120
140
8%chnw_8%EVOH
%T
ran
sm
itta
nce
Wavenumbers (cm-1)
1000 1500 2000 2500 3000 3500 4000
60
80
100
120
140
10%chnw_8%EVOH
Figure 6.6: FTIR spectra of nanocomposites consisting of the HiPP matrix, 8 wt% EVOH
and varying chnw loadings.
The peaks for EVOH seem to almost disappear completely for nanocomposites containing
very high EVOH content of 10 wt% as seen in Figure 6.7. The agglomeration of EVOH
is to much and very poor interaction between the chnw and HiPP matrix exists.
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FTIR of nanocomposite with 10 wt% EVOH and various chnw loadings
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Figure 6.7: FTIR spectra of nanocomposites consisting of the HiPP matrix, 10 wt%
EVOH and varying chnw loadings.
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6.1.2 TGA
The TGA spectrum of the individual compound present in the nanocomposites are pre-
sented in Figure 6.8. The weight loss for EVOH appears to be small and gradual initially.
This small loss of weight can be ascribed to moisture loss during heating [10]. The ﬁrst
signiﬁcant weight loss peak for EVOH can be seen in a temperature range of 295 - 416.
This is attributed to the major component within the copolymer that is PVOH (poly
vinyl-alcohol) [11]. The second peak that follows directly after this weight loss is caused
by the ethylene component at approximately 410 . Polyethylene acts as a thermal sta-
bilizer in EVOH as found in studies done by Alvarez et al [11]. After the weight loss of
the ethylene part, the weight loss increases rapidly to 100% at 500 [10].
As already mentioned in Chapter 4, weight loss of chnw appears to be immediate and is
also caused by loss in moisture. The drop in the slope of the TGA curve belonging to loss
of moisture continues up to approximately 60  and then stabilizes. Further weight loss
commences at 280  and begin to even out at approximately 470  [3]. High impact
polypropylene has weight loss occurring at about 288  which rapidly increases at 400
 until it reaches complete degradation at 500 .
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Figure 6.8: TGA curves of individual components used in the preparation of the nanocom-
posites.
The thermogravimetric analysis results for the nanoocomposites containing chnw with
EVOH in a HiPP matrix were shown in Figure 6.9 to 6.13. Figure 6.9 presents the TGA
results for 2 wt% EVOH with various chnw loadings. The onset temperature does not
seem to change signiﬁcantly for the nanocomposites samples containing 2 wt% EVOH and
low chnw loadings compared to the TGA curves of a clean HiPP sample. Only a slightly
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more gradual weight loss can be seen for the nanocomposite sample containing 2 wt%
EVOH and 3 wt% chnw. The curves for the nanocomposite sample containing higher
chnw loadings with 2 wt% EVOH appear to have a slightly earlier onset in degradation
than that for a clean HiPP sample. This is the opposite seen for nanocomposites that
have PPgMA as a compatibilizer as seen in Section 5.4.
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Figure 6.9: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 2 wt% EVOH into HiPP matrix
compared with neat samples of HiPP, chnw and EVOH.
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Figure 6.10: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 4 wt% EVOH into HiPP matrix
compared with neat samples of HiPP, chnw and EVOH
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Figure 6.10 shows a nanocomposite sample containing 3 wt% chnw with 4 wt% EVOH
that presents a slightly more gradual onset of degradation temperature than a clean HiPP
sample. The nanocomposite sample containing chnw loading of 8 and 10 wt% shows a
slight lowering in the onset of the degradation temperature as compared to the clean
HiPP sample.
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Figure 6.11: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 6 wt% EVOH into HiPP matrix
compared with neat samples of HiPP, chnw and EVOH
The nanocomposites containing 6 wt% EVOH are illustrated in Figure 6.11. An improve-
ment in thermal stability of the nanocomposite containing 3 wt% chnw and 6 wt% EVOH
was seen. Complete weight loss for only this speciﬁc nanocomposite sample was seen at
a higher temperature as that for a clean HiPP matrix. The opposite can be seen for
nanocomposite samples containing any loading of chnw higher than 3 wt%. The major
decline in thermal stability seen for the nanocomposite sample of 5 wt% chnw and 6
wt% EVOH indicates the poor distribution of chnw within the HiPP matrix and how
the agglomeration of the EVOH combined with the chnw aggregation eﬀects the thermal
properties of the nanocomposite negatively.
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Figure 6.12 presents the nanocomposites containing 8 wt% EVOH and varying chnw
loading. Once again a decline in the thermal stability can be seen for the nanocompos-
ite samples containing high chnw loadings combined with the high EVOH content. In
fact, the increasing EVOH content indicates a overall decline in thermal stability of the
nanocomposites even with little chnw present within the HiPP matrix. Aggregation of
chnw within the nanocomposite along with the poor distribution of the EVOH within
the HiPP matrix causes the thermal stability deterioration. Agglomeration of the chnw
can cause the interaction between the EVOH and the HiPP matrix to be hindered and
because of the solvent immiscibility that occurs during mixing the interaction between
EVOH and the HiPP matrix is hindered even more.
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Figure 6.12: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 8 wt% EVOH into HiPP matrix
compared with neat samples of HiPP, chnw and EVOH
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Figure 6.13 presents the nanocomposites containing 10 wt% EVOH and varying chnw
loading. Similar weakening of the thermal stability can be seen as in Figure 6.12. The
nanocomposite sample containing 3 wt% chnw loadings combined with 10 wt% EVOH
shows a major decline in the onset of degradation temperature which is the complete
opposite seen for the nanocomposites containing PPgMA as compatibilizer in Section 5.4.
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Figure 6.13: TGA curves overlayed to show the change in onset and maximum tempera-
ture during incorporation of various chnw loadings with 10 wt% EVOH into HiPP matrix
compared with neat samples of HiPP, chnw and EVOH
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6.1.3 DSC
The thermal data does not change drastically compared to that of the clean HiPP sample
other than the melting temperature that is lowered slightly and there is a variation of the
crystallization percentage as seen in Tables 6.1 and 6.2. As mentioned earlier due to poor
dispersion of chnw and EVOH within the HiPP matrix the changes in the percentage crys-
tallinity are unpredictable. This is because of the interference that agglomerated EVOH
and chnw have on the ability of the polymer chains to crystallize. The nanocomposites
was calculated using the same method mentioned in Section 5.3, where the ∆H100% of
polypropylene was used, 207 J/g.
Table 6.1: Melting points () of HiPP/chnw (EVOH) nanocomposites where 0 wt% chnw
and 0 wt% EVOH indicates clean HiPP
Tm ()
wt% chnw
0%
EVOH
2%
EVOH
4%
EVOH
6%
EVOH
8%
EVOH
10%
EVOH
0 165.8
3 163.7 164.6 164.1 164.2 163.1 164.3
5 163.6 164.0 163.4 164.0 164.0 159.2
8 164.0 164.9 164.5 164.4 163.8 164.5
10 164.0 163.6 164.7 164.8 164.7 164.3
Table 6.2: Percentage crystallization (%) of HiPP/chnw (EVOH) nanocomposites where
0 wt% chnw and 0 wt% EVOH indicates clean HiPP
% Crystallization
wt% chnw
0%
EVOH
2%
EVOH
4%
EVOH
6%
EVOH
8%
EVOH
10%
EVOH
0 42.48
3 40.04 39.13 43.96 35.27 37.51 30.75
5 37.03 40.28 38.87 54.01 38.82 46.04
8 37.14 42.40 43.34 28.59 44.35 37.28
10 37.06 38.67 41.38 43.60 40.22 37.89
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Figure 6.14 shows that the nanocomposites with low chnw loadings and high EVOH con-
tent, as seen for the nanocomposite sample containing 3 wt% chnw with 2 and 4 wt%
EVOH, have a slightly higher crystallization peaks compared to the nanocomposites sam-
ples with low chnw loadings and higher EVOH loadings.
Figure 6.14: DSC curves showing the eﬀect that various wt% EVOH and 3 wt% chnw
have on the HiPP matrix.
A increase in the crystallization peak can be seen for nanocomposite sample containing
6 wt% EVOH and a chnw loading of 5 wt% as presented in Figure 6.15. The rest of the
nanocomposites containing EVOH have a crystallization peak similar to a clean HiPP
sample.
Figure 6.15: DSC curves showing the eﬀect that various wt% EVOH and 5 wt% chnw
have on the HiPP matrix.
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Similar results can be seen for the DSC curves in 6.16. Nanocomposites containing large
amounts of chnw combined with low loadings of EVOH, such as seen for the nanocompos-
ite sample containing 8 wt% chnw and 4 wt% EVOH, show a decrease in the crystallization
peak compared to a clean HiPP sample. The nanocomposite sample containing 8 wt%
chnw and 8 wt% EVOH shows a higher increase in percentage crystallization compared
to a clean HiPP sample. It was possible that the samples used for the DSC analysis of the
nanocomposite containing 8 wt% EVOH and 8 wt% chnw consist of irregular distributed
regions containing chnw that caused the increase in the crystallization peak.
Figure 6.16: DSC curves showing the eﬀect that various wt% EVOH and 8 wt% chnw
have on the HiPP matrix.
Figure 6.17: DSC curves showing the eﬀect that various wt% EVOH and 10 wt% chnw
have on the HiPP matrix.
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Figure 6.17 presented crystallization peaks for nanocomposites that are similar to that
of a clean HiPP. The poor distribution of EVOH and chnw can be seen in these DSC
curves. The irregular dispersion of EVOH and the poor interaction of chnw with the
HiPP matrix cause irregular increase and decreases in crystallinity within the nanocom-
posites. The overall lack in change in the crystallinity and melting temperature proves
the poor interaction of chnw and a clean HiPP matrix with EVOH as compatibilizer [10].
6.1.4 Tensile Testing
Figure 6.18 presents the nanocomposite containing no compatibilizer. The chnw seem to
have a small eﬀect on the Young's modulus, increasing it slightly. The presence of chnw
causes the HiPP matrix to become less ductile thus lowering the elongation at break as
mentioned in Section 5.5. The interaction between the chnw and HiPP matrix is very
poor with no compatibilizer present.
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Figure 6.18: Stress-strain curves showing composites containing no compatibilizer and
only HiPP and chnw
The results presented in Figure 6.19 show an decrease in the Young's modulus as soon
as EVOH is added. The Young's modulus clearly becomes worse as the EVOH loadings
are increased within the nanocomposite while the chnw content remains at 3 wt%. The
lowest value for the Young's modulus can be seen for the nanocomposite that contains 10
wt% EVOH and 3 wt% chnw within the HiPP matrix which is the opposite seen for the
nanocomposites that contain PPgMA as compatibilizer. The maximum tensile strength
is much higher compared to the nanocomposite sample containing PPgMA and a clean
sample of HiPP. The poor Young's modulus indicated the very unsatisfactory dispersion
of chnw and EVOH within the nanocomposite. The elongation at break is slightly higher
for the nanocomposite containing 3 wt% chnw and various EVOH loadings. This is also
an indication that the tensile strength is mostly withstood by the HiPP matrix. This
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shows poor stress transfer between the chnw and the HiPP matrix.
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Figure 6.19: Stress-strain curves of 3 wt% chnw with varying EVOH content
Figure 6.20 shows the nanocomposites with 5 wt% chnw content and varying EVOH con-
tent. The maximum tensile strength is high for a nanocomposite samples with EVOH
although it is diﬃcult to see a trend because of the irregular distribution of EVOH within
the HiPP matrix. This uneven dispersion of EVOH in the nanocomposite causes poor
interaction of chnw with the HiPP matrix which in turn interferes with the tensile prop-
erties of the nanocomposite.
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Figure 6.20: Stress-strain curves of 5 wt% chnw with varying EVOH content
The composite sample containing 8 wt% chnw and various loading of EVOH can be seen
in Figure 6.21. The maximum tensile strength for this composite containing a chnw load-
ing of 8 wt% is also higher than a clean sample of HiPP and for the nanocomposites
containing PPgMA as compatibilizer. The Young's modulus for all the composite sam-
ples is much lower than a clean HiPP sample. No improvement in the Young's modulus
can be seen especially if the EVOH content is increased.
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Figure 6.21: Stress-strain curves of 8 wt% chnw with varying EVOH content
Figures 6.22 to 6.23 indicates the eﬀect on the tensile properties of the nanocomposite
when EVOH was used as a compatibilizer between chnw and HiPP matrix. Figure 6.22
illustrate the slight increase in Young's modulus as the chnw content is increase. The
Young's modulus is closer to the Young's modulus found for a clean HiPP sample al-
though not higher. This increase can speciﬁcally be seen for nanocomposite containing 10
wt% chnw and low EVOH content of 2 wt%. Although the high chnw content of 10 wt%
tend to agglomerate more (because the increase interaction between the chnw chains),
the high amount of chnw in the nanocomposite, even without proper EVOH compatibi-
lization, aﬀords some support to the HiPP matrix.
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Figure 6.22: Stress-strain curves of 10 wt% chnw with varying EVOH content
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Figure 6.23: Stress-strain curves of 2 wt% EVOH with varying chnw content
All the nanocomposite samples in Figure 6.23 showed a lower Young's modulus than that
for a clean HiPP sample. The elongation at break increases for the nanocomposites con-
taining lower chnw loadings combined with 2 wt% EVOH. This is higher than that seen
for nanocomposites with PPgMA as compatibilizer.
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Figure 6.24: Stress-strain curves of 4 wt% EVOH with varying chnw content
Figure 6.24 shows an overall decrease of the Young's modulus for all the nanocomposites.
The nanocomposite samples containing 5 wt% and 8 wt% chnw with 4 wt% EVOH show
the very high maximum tensile strength. The elongation at break for the nanocomposite
with 3 wt% chnw and 4 wt% EVOH shows a higher elongation at break.
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Figure 6.25: Stress-strain curves of 6 wt% EVOH with varying chnw content
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Figure 6.26: Stress-strain curves of 8 wt% EVOH with varying chnw content
Figures 6.25, 6.26 and 6.27 show a poor Young's modulus for all the nanocomposites
containing 6 wt%, 8 wt% and 10 wt% EVOH loadings. The elongation at break for the
nanocomposites with very low chnw loadings and higher EVOH content are higher than
the elongation at break found for nanocomposites with PPgMA as compatibilizer. The
maximum tensile strength is higher than that for a clean HiPP sample although not as
high as the maximum tensile strength seen for the nanocomposite samples containing 4
wt% EVOH and 4 and 8 wt% chnw.
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Figure 6.27: Stress-strain curves of 10 wt% EVOH with varying chnw content
The Young's modulus values that are presented in Tables 6.4 and 6.5 are very close to
the values seen in Table 6.3 that present the Young's modulus values for nanocomposites
containing no compatibilizer but only HiPP and chnw. The drastic drop in the Young's
modulus seen for the sample that contains 3% chnw and 10% EVOH is indicative of
how the dispersion is aﬀected due to the agglomeration that occurs during the solvent
casting process. An increase in the chnw content allows for more regions within the
nanocomposite to contain chnw but the compatibility between the matrix and the ﬁller
remains poor since EVOH does not function eﬀectively within the nanocomposite.
Table 6.3: Tensile testing data of clean sample HiPP as well as HiPP containing chnw
with no compatibilizer
Sample Name Young's Modulus (MPa)
Clean_HiPP 4.7
3%chnw_HiPP 4.6
5%chnw_HiPP 4.4
8%chnw_HiPP 4.7
10%chnw_HiPP 4.5
Only the combinations for the nanocomposites with EVOH as compatibilizer that com-
pare directly with the results for the nanocomposites containing PPgMA as compatibilizer
were shown. The combination that were presented in Section 5.5 showed ideal improve-
ment in tensile properties for the nanocomposites containing PPgMA as compatibilizer.
The opposite can be seen for the nanocomposites with EVOH as compatibilizer in Tables
6.4 and 6.5.
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Table 6.4: Tensile testing data of 2 wt% EVOH with various wt% chnw in HiPP matrix
Sample Young's Modulus (MPa)
3%chnw_2%EVOH 5.8
5%chnw_2%EVOH 5.8
8%chnw_2%EVOH 4.2
10%chnw_2%EVOH 5.7
There appears to be no optimum conditions for overall mechanical improvement with
the nanocomposites containing EVOH as compatibilizer. The maximum tensile strength
is increased due to some EVOH/chnw interaction within the nanocomposite. The fact
that the ductility of the HiPP matrix is only slightly aﬀected proves that the interaction
between the HiPP matrix and chnw are unsatisfactory.
Table 6.5: Tensile testing data of 10 wt% EVOH with various wt% chnw in HiPP matrix
Sample Young's Modulus (MPa)
3%chnw_10%EVOH 2.9
5%chnw_10%EVOH 5.6
8%chnw_10%EVOH 6.1
10%chnw_10%EVOH 6.2
The maximum extension for a clean sample of HiPP before compensation is 63.33 mm,
whereas for 3%chnw_2%EVOH as seen in Figure 6.19, the extension before compensation
is 4.86 mm. Overall the amount of load that can be supported by the nanocomposites are
lower than that for clean HiPP. Clean HiPP supports a load up to approximately 185 N
but 3%chnw_10% EVOH can only support a load up to 439 N. A slight increase in the
load support can be seen for the nanocomposite with high chnw loading in the presence
of low EVOH content, but the load support is still lower than that for a clean HiPP sample.
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6.2 Electrospinning and melt-pressing
6.2.1 SEM
a) b)
c) d)
e)
Figure 6.28: SEM images of chnw_EVOH electrospun ﬁber mats containing (a) clean 5%
EVOH, (b) 3% chnw_5% EVOH, (c) 5% chnw_5% EVOH, (d) 8% chnw_5% EVOH and
(e) 10% chnw_2% EVOH
The SEM images in Figure 6.28 show electrospun ﬁber mats. EVOH was electrospun
without chnw and 5wt% EVOH was chosen as the optimum concentration for a electro-
spinning solution, showing good clean ﬁbers. There was some beading that occurred as
seen in the Figure 6.28(a). The atmospheric conditions of the laboratory during electro-
spinning can have a inﬂuence in the polymer solution. It has been found that, at high
humidity, water condenses on the surface of the ﬁber which can have a eﬀect on the ﬁber
morphology [12]. The increase in humidity will also aﬀect the rate of evaporation of the
solvent during the electrospinning process. At low humidity clogging at the needle tip
can occur due to rapid evaporation of the solvent [12].
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It can be seen that the ﬁbers became less optimal as the chnw content increased. The ﬂow
rate became diﬃcult to control due to the increase in viscosity. The dispersion of chnw
within the electrospinning solution became challenging also as an eﬀect of the agglom-
eration that coincided with the increase in nanowhisker content. Some of the chnw may
remain in the syringe after electrospinning due to agglomeration of chnw and this means
that a lower concentration of chnw could be incorporated into the electrospun ﬁbers than
expected, especially for higher loading of chnw.
It became necessary to lower the concentration of EVOH within the electrospinning so-
lution in order to compensate for the increase viscosity of the solution speciﬁcally for a
high chnw loading of 10wt%. The high chnw content caused the electrospinning solution
to become extremely viscous. The attempt to lower the viscosity of the electrospinning
solution with such a high chnw loading proved to be futile as seen in ﬁgure 6.28 (e) since
no ﬁbers could be produced. The dispersion of chnw is not ideal and the electrospinning
solution is still to viscous. This can also be ascribed to the fact that the parameters of
electrospinning such as the ﬂow rate, dispersion of chnw, the charge and also the interac-
tion between the EVOH and the chnw became signiﬁcantly more challenging to control
with such highly viscous solution.
After the incorporation of the ﬁber mat into HiPP via melt-pressing the nanocomposite
was investigated with SEM once more. It was seen in ﬁgure 6.29 that there was some
melting of the ﬁbers within the HiPP ﬁlms. Even though the melting point of EVOH
(32wt%) is 183 and the melt-pressing was done approximately 3 below this melting
temperature, it could not prevent some melting of the electrospun ﬁbers to take place.
Lowering the temperature during the melt pressing process was unfortunately not an
option because of the high melting temperature of HiPP [13].
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Figure 6.29: SEM images of electrospun ﬁber mat consisting of 3 wt% chnw and 5 wt%
EVOH in HiPP.
6.2.2 ATR-FTIR
The FTIR spectra as seen in Figures 6.30 and 6.31 indicate electrospun ﬁbers consisting
of EVOH and chnw before incorporation into HiPP and after incorporation into HiPP
respectively. The irregularities that exist in the previous section are no longer present for
the nanocomposites containing an electrospun EVOH and chnw ﬁber mat with good ﬁber
morphology. in the Clear peaks can be identiﬁed for the FTIR spectra of electrospun
ﬁbers containing chnw and EVOH in Figure 6.30. As discussed in Section 6.1.1, the in-
frared spectra for EVOH shows the absorption band of the hydroxyl group at 3050 cm−1
to 3550 cm−1 [7]. Peaks correlating to the PVOH part is seen at 230 cm−1 and 280 cm−1
[8]. There appears to be a slight increase in the intensity for the peaks corresponding to
the amide moiety, at 1580 cm−1, 1625 cm−1 and 1662 cm−1, as the chnw content increases.
The peaks of chnw, HiPP and EVOH appear to overlap creating some diﬃculty in identify-
ing peaks after the incorporation of the electrospun ﬁber mat into HiPP. Peaks belonging
to the PVOH part of EVOH can be seen at 230 cm−1 and 280 cm−1 corresponding to
the C=O groups. Figure 6.31 illustrates the nanocomposites containing electrospun ﬁber
mats consisting of varying chnw loading and EVOH in a HiPP matrix. The optimal
EVOH concentration for electrospinning was chosen as 5 wt% based on the good ﬁber
morphology that were produce by a clean solution of EVOH at this concentration. The
concentration needed to be changed to 2 wt% EVOH in the electrospinning solution for 10
wt% chnw in a attempt to lower the electrospinning solution to a more optimal viscosity.
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FTIR of electrospun fiber mat of EVOH and various chnw loadings
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Figure 6.30: FTIR of EVOH/chnw electrospun ﬁber mats.
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FTIR of chnw/EVOH electrospun fiber mats in HiPP
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Figure 6.31: FTIR of EVOH/chnw electrospun ﬁber mats melt pressed into a HiPP
matrix.
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6.2.3 TGA
The TGA curves for the electrospun ﬁber mats show that the chnw and EVOH have
similar maximum onset degradation temperatures. The chnw improves the overall ther-
mal properties of EVOH slightly. The thermogravimetric analysis for EVOH and chnw is
described completely in Section 6.1.2.
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Figure 6.32: TGA overlay of electrospun chnw/EVOH ﬁber mats.
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Once the ﬁber mats were incorporated into HiPP, a larger shift in the onset degradation
temperature could be seen. The nanocomposite sample containing 10 wt% chnw and 2
wt% EVOH electrospun ﬁbers shows a decrease in the onset of degradation temperature
compared to a clean HiPP matrix. Agglomeration inside the syringe may cause some
of the nanowhiskers to remain in the syringe after electrospinning and therefore lead to
the incorporation of less chnw into the electrospun ﬁbers than expected. The thermal
stability of the nanocomposites containing electrospun ﬁbermats is not as good as that
seen in Section 5.4 for the nanocomposites containing PPgMA as compatibilizer.
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Figure 6.33: TGA overlay of electrospun chnw/EVOH ﬁber mats that were sandwiched
between two HiPP ﬁlms and meltpressed.
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6.2.4 DSC
The ∆H100% for PVOH (which is the most abundant component within EVOH) of 138.6
J/g was used to calculate the percentage crystallization for the clean electrospun ﬁbers.
The percentage crystallization for the meltpressed nanocomposites was calculated using
the Equation 5.1 mentioned in Section 5.3, where the ∆H100% of polypropylene was used,
207 J/g.
There is a large decrease in the crystallization percentage for the electrospun ﬁbers com-
pared to the clean EVOH electrospun ﬁbers as seen in Table 6.6. The thermal properties
remain mostly unchanged for the ﬁber mat containing 3 wt% chnw and 5 wt% EVOH
compared to a clean EVOH sample. A drastic decrease in crystallization can be seen as
the chnw content increases in the electrospun ﬁber mat. The ﬁber mat consisting of 10
wt% chnw and 2 wt% EVOH has no ﬁbers and this can be clearly eﬀected the percentage
crystallization. The melting temperature for the ﬁber mats does not change signiﬁcantly
compared to a clean EVOH sample except for the ﬁber mat containing 10 wt% chnw and
2 wt% EVOH which is once again due to the non-existent ﬁbers.
Table 6.6: DSC data of electrospun ﬁbers consisting of EVOH and chnw
Sample name Melting Temperature () Percentage Crystallization (%)
clean EVOH 180.47 48.95
3%chnw_5%EVOH 180.91 43.52
5%chnw_5%EVOH 181.14 29.32
8%chnw_5%EVOH 180.67 12.73
10%chnw_2%EVOH 143.31 1.523
Table 6.7 shows the crystallization percentage and melting temperature for the nanocom-
posites containing electrospun ﬁber mats incorporated into a clean HiPP matrix. Agglom-
eration of chnw can occur inside the syringe. This may cause some of the chnw to stay
behind inside the electrospinning needle after electrospinning. This can lead to a lower
chnw concentration incorporated into the nanocomposite than was expected [3]. This can
especially be expected for high chnw loading where agglomeration is more prominent. The
ability for EVOH molecules to crystallize is less hindered and this can lead to a higher
percentage crystallization than expected [3]. This can be seen for the nanocomposite con-
taining electrospun ﬁber mat consisting of 8 wt% chnw and 5 wt% EVOH. The melting
temperature and crystallization percentage for the ﬁber mat nanocomposites are slightly
lower than for a clean HiPP sample.
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Table 6.7: DSC data of nanocomposite consisting of electrospun EVOH, chnw and HiPP
Sample name Melting Temperature () Percentage Crystallization (%)
Clean HiPP 165.83 42.48
5%EVOH 162.09 33.83
3%chnw_5%EVOH 162.45 39.45
5%chnw_5%EVOH 161.80 33.56
8%chnw_5%EVOH 161.92 36.36
10%chnw_2%EVOH 162.39 30.87
Figure 6.34 illustrates the drop in crystallization percentage of the electron ﬁber mats as
the chnw loading increases. The increase of the chnw content becomes aggregated due to
strong hydrogen bonding between the amide moieties of the chnw. The crystallization of
the EVOH ﬁbers become hindered because of the agglomerated chnw.
Figure 6.34: DSC thermograms of chnw/EVOH electrospun ﬁbers.
Figure 6.35 presents the DSC thermograms for the nanocomposite containing the elec-
tron ﬁber mats. The crystallization percentage and melting temperature appear relatively
similar to a clean HiPP sample. The nanocomposite sample containing 3 wt% chnw and
5 wt% EVOH electrospun ﬁber mat show better percentage crystallization compared to
the rest of the nanocomposites.
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Figure 6.35: DSC thermograms of chnw/EVOH electrospun ﬁbers meltpressed into a
HiPP matrix.
6.2.5 Tensile Testing
The Young's modulus showed greater improvement for the nanocomposites containing
electrospun ﬁber mats compared to the nanocomposites that were made using the ﬁrst
technique mentioned in Section 6.1. The Young's modulus results shown in Figure 6.36
appear to be consistent with what can be seen from the ﬁber morphology in the SEM
images. The maximum stress that the nanocomposite can withstand became diminished
as the loading of chnw were increased. As expected the only sample that presented good
mechanical properties was the nanocomposite containing a loading of 3 wt% chnw.
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Figure 6.36: Tensile overlay of electrospun chnw_EVOH ﬁber mats that were sandwiched
between two HiPP ﬁlms and then melt-pressed.
It can be seen in Table 6.8 that the stress transfer is very good for the nanocomposite that
contains 3%chnw_5% EVOH. Eﬀective dispersion was accomplished during electrospin-
ning for low chnw loadings. The Young's modulus decreases slightly as the chnw content
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increases. This is due to the declining ﬁber morphology that is caused by the increase in
viscosity and pessimal parameter eﬀects.
Table 6.8: Tensile testing data of electrospun chnw_EVOH in HiPP
Sample Name Young's Modulus (MPa)
Clean_HiPP 4.685
5%EVOH_HiPP 6.207
3%chnw_EVOH_HiPP 10.046
5%chnw_EVOH_HiPP 7.043
8%chnw_EVOH_HiPP 8.043
10%chnw_EVOH_HiPP 6.910
The stress transfer becomes less eﬀective between the ﬁbers and the matrix due to the
poor electrospinning conditions. As mentioned in Section 6.2.1 the tensile properties
can also be aﬀected by the partial melting of the chnw/EVOH ﬁbers that took place
during the meltpressing process. The optimal chnw and EVOH content were chosen as
3%chnw_5%EVOH. It showed the highest increase for the Young's modulus after incor-
poration into the HiPP matrix and the best ﬁber morphology after electrospinning.
6.3 Conclusion
6.3.1 Solvent casting and injection molding
The infrared spectra showed the presence of the individual components (EVOH, chnw and
HiPP) within the nanocomposites. Some increase in the peak intensity could be seen for
higher chnw loadings but the poor distribution and agglomeration that occurred because
of the immiscibility of the EVOH in xylene mostly caused poor peak intensities for the
IR spectra of chnw and EVOH. The thermal gravimetric analysis showed a decline in
the thermal stability (compared to a clean HiPP sample) as the EVOH content increased
within the nanocomposite. This can be explained by the fact that the dispersion of the
chnw within the matrix is very poor because of the immiscibility of the EVOH in xy-
lene. This immiscibility of EVOH in the xylene caused the EVOH to form a separated
interface between the HiPP and the chnw causing irregular distribution of EVOH in the
nanocomposite as well as poor interaction between the chnw and the HiPP matrix. The
thermal data does not change drastically compared to that of the clean HiPP sample
other than the melting temperature that is lowered slightly and there is a variation of
the crystallization percentage. Due to the poor dispersion of chnw and EVOH within
the HiPP matrix, the changes in the percentage crystallization are unpredictable. The
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tensile properties for the nanocomposites with EVOH as compatibilizer show overall de-
terioration compared to the nanocomposites that contained PPgMA as a compatibilizer.
The maximum tensile strength, however for both types of nanocomposites (containing
PPgMA or EVOH as compatibilizer) are much higher overall compared to a clean HiPP
sample. The Young's modulus clearly becomes worse as the EVOH loadings are increased
within the nanocomposite. This is caused by the poor distribution and interaction of the
EVOH and chnw in the HiPP matrix.
6.3.2 Electrospinning and meltpressing
SEM images shows good ﬁbers for electrospinning solutions consisting of 3 wt% chnw
and 5 wt% EVOH. Beading can be caused by an increase in the humidity that cause
the EVOH electrospinning solution to agglomerate on the collector base. The increasing
viscosity of the electrospinning solution caused problems with the ﬁber formation. The
infrared peak for the individual compounds can be detected using FTIR. The peaks of
chnw, HiPP and EVOH within the nanocomposites appear to overlap creating some dif-
ﬁculty in identifying peaks after the incorporation of the electrospun ﬁber mat into the
HiPP matrix. The chnw improves the overall thermal stability of EVOH slightly as seen
in the TGA thermograms for the nanoﬁbers. Once the ﬁber mats were incorporated into
HiPP, a larger shift in the onset of degradation temperature could be seen for the TGA
thermograms of the nanocomposites. The Young's modulus showed greater improvement
for the nanocomposites containing electrospun ﬁbermats. Eﬀective dispersion within the
electrospun ﬁber mat was accomplished during electrospinning for low chnw loadings.
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Chapter 7
Conclusions and Recommendations for
Future Work
7.1 Conclusion
The results found for the tensile properties of the nanocomposites containing PPgMA as
compatibilizer are consistent with that found in literature studies. HiPP matrix contain-
ing chnw as a ﬁller alone is not eﬀective enough to improve any mechanical properties
of the nanocomposites as a whole. A compatibilizer is needed for better interaction be-
tween the ﬁller and the matrix. PPgMA was chosen to be a very good compatibilizer for
chnw and HiPP. The tensile properties of the nanocomposites are greatly improved. The
maximum tensile stress of all the nanocomposites containing chnw with compatibilizer
is higher than a clean sample of HiPP. The Young's modulus for the nanocomposites
containing PPgMA are also higher than a clean sample of HiPP. The optimum for this
appears to be 3%chnw_10%PPgMA and 10%chnw_2%PPgMA due to better interaction
and less agglomeration of the chnw. The thermal properties such as melting temperature
and percentage crystallization of the nanocomposites remain mostly the same compared
to a clean HiPP sample. The onset of degradation temperature belonging to the nanocom-
posites seems slightly higher than that for a clean sample of HiPP.
The nanocomposites with EVOH as a compatibilizer showed no improvement of the
tensile properties and only the maximum tensile strength of the composite increased.
The elongation at break for the nanocomposite containing EVOH as compatibilizer was
slightly more than that for the nanocomposite with PPgMA as compatibilizer. This
ductility indicated that the crystallinity of the nanocomposite was not greatly improved
which proves that there was poor interaction between the chnw and HiPP matrix. The
Young's modulus and thermal stability were slightly more enhanced when the EVOH
was incorporated as a compatibilizer into the HiPP matrix via electrospinning along with
the chnw. The dispersion of the chnw with low loadings were favorable and presented
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improved tensile properties.
7.2 Future work
The study could be expanded to incorporate other impact copolymers. Dynamic me-
chanical analysis can be used to investigate the storage modulus and other mechanical
properties of the nanocomposites in future studies. The eﬀect that the presence of chnw
within the HiPP matrix have on the biodegradability of the nanocomposite should also
be investigated. It has been mentioned that EVOH is commonly used in ﬁlm packaging
industry for its barrier properties. The nanocomposites containing EVOH/chnw electron
ﬁbers can therefore be investigated for water absorption and gas permeability in future
work. Measuring the viscosity of the increase in PPgMA or chnw content in solution is a
good idea in order to investigate how this also can eﬀect the distribution of chnw within
the HiPP matrix.
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Appendix A
FTIR data
A.1 FTIR spectra of nanocomposites containing
EVOH as compatibilizer
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Figure A.1: FTIR spectra of 3 wt% chnw and varying EVOH.
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FTIR of nanocomposite with 5 wt% chnw and various EVOH loadings
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Figure A.2: FTIR spectra of 5 wt% chnw and varying EVOH.
FTIR of nanocomposite with 8 wt% chnw and various EVOH loadings
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Figure A.3: FTIR spectra of 8 wt% chnw and varying EVOH.
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FTIR of nanocomposite with 10 wt% chnw and various EVOH loadings
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Figure A.4: FTIR spectra of 10 wt% chnw and varying EVOH.
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Appendix B
DSC Data
B.1 DSC results for HiPP/chnw nanocomposites with
PPgMA as compatibilizer
The changes that was illustrated in 2.9 the Tables 5.1 and 5.2 for the nanocomposites
containing various loadings of PPgMA and chnw are also presented in Figure B.1 to B.5.
The peaks crystallization percentage shows a signiﬁcant shifting compared to the peaks
for a clean HiPP sample as can be seen in all the DSC thermograms. The melting tem-
perature peaks remains relatively the same for the nanocomposites compared to a clean
HiPP sample.
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Figure B.1: DSC thermograms showing the eﬀect that 10 wt% PPgMA and various wt%
chnw have on the HiPP matrix.
A general increase in the crystallization peak seen in the ﬁgures presented above shows
that a increase in chnw combined with a low loading of PPgMA can enhance crystallinity
within the composite. The same can be seen for low chnw loading and higher loadings of
PPgMA.
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Figure B.2: DSC thermograms showing the eﬀect that 8 wt% PPgMA and various wt%
chnw have on the HiPP matrix.
Figure B.3: DSC thermograms showing the eﬀect that 6 wt% PPgMA and various wt%
chnw have on the HiPP matrix.
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Figure B.4: DSC thermograms showing the eﬀect that 4 wt% PPgMA and various wt%
chnw have on the HiPP matrix.
Figure B.5: DSC thermograms showing the eﬀect that 2 wt% PPgMA and various wt%
chnw have on the HiPP matrix.
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Appendix C
SEM images of nanocomposites
Figure C.1: SEM images of 5 wt% chnw and 5 wt% EVOH indicating the layers of HiPP
with electrospun chnw_EVOH ﬁber mat.
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Figure C.2: SEM images of 8 wt% chnw and 5 wt % EVOH in HiPP.
Figure C.3: SEM images of 10 wt% chnw and 2 wt% EVOH in HiPP.
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